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ABSTRACT 

The input current of transistor operational amplifiers limits their 

application for some uses.    Several techniques are described which can be 

employed to reduce this input current to as little as  1 % of the base current 

of the input transistor.     This reduction in input current is maintained over 

a wide range of temperature.    The percentage reduction and the operating 

temperature span is related to the degree of complexity and precision of the 

compensating circuit used. 

One type of compensation uses a thermistor-resistor circuit.    This 

technique is developed in detail — both analytically and experimentally,   and 

various examples are given.     For the case of a transistor having an input 

current of 50 nA,   it is possible to design circuits to reduce this value to as 

little as 0. 5 nA over a 50   C temperature span. 
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ABSTRACT 

The input current of transistor operational amplifiers limits their 

application for some uses.    Several techniques are described which result 

in a substantial reduction of this input current.     The resulting input current 

can range from 20$ of the original current over a wide temperature span. 

The percentage reduction depends on the degree of complexity and precision 

of the compensating circuit used. 

One type of compensation uses a thermistor-resistor circuit.     This 

technique is developed in detail —both analytically and experimentally,  and 

various examples are given.    For the case of a transistor having an input 

current of 50 nA,   it is possible to design circuits to reduce this value to as 

little as 0. 5 nA over a 50  C temperature span. 

Accepted for the Air Force 
Stanley J.  Wisniewski 
Lt Colonel, USAF 
Chief,  Lincoln Laboratory Office 
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CHAPTER   1 

SOME CHARACTERISTICS OF TRANSISTOR 

OPERATIONAL AMPLIFIERS 

The availability of well matched transistor differential pairs mounted 

so that they share a common thermal environment has made possible very 

high performance transistor operational amplifiers.    In addition,   the intro- 

duction of the passivation technique to transistors» guarantees extremely low 

reverse currents and long-term stability of the transistor parameters. 

Together,  these two developments permit the design of transistor operational 

amplifiers which rival and even surpass in some respects the performance 

of the high quality chopper stabilized vacuum tube amplifier which was once 

the standard for high performance analog circuits.    ' 

The effects of most amplifier parameters (such as gain,   stability, 

common mode rejection,   etc. ) are reasonably well understood.     Contemporary 

circuit design of commercial models clearly demonstrates the results of this 

understanding.    A parameter which is often neglected,   despite the fact that 

it causes a certain non-ideal amplifier behavior,  is the dc input current. 

Few amplifiers available today have input current specifications less than 

— 10 nA,  and frequently the value is as high as   — 100 nA over a reasonable 

temperature range.    Obviously this current may be completely canceled at 

a fixed temperature by a simple constant current source.    However,  the 

strong temperature dependence displayed by the input current, degrades the 

effectiveness of this technique,when reasonable temperature excursions are 

considered. 

At least two techniques exist which minimize the input current 

problem — usually at the expense of one or more of the other parameters. 

Modulation schemes can reduce the input current.     The Philbrick PZ ampli- 

fier,     having less than 0. 1 nA input current,   represents a good example of 

this technique.    However,  in this case both bandwidth and noise considerations 
4  5 are sacrificed.    Field-effect transistors (FET) could also be used,  with 

a reduction of input current by one or more orders of magnitude.     The FET 



probably offers the ultimate solution to this problem.    At the present, 

however,   commercial FET models are not available.     The difficulty of 

matching the relevant FET parameters usually results in poorer dc voltage 

stability than can be obtained with high quality conventional transistors. 

This report contains the results of an investigation of the problem of 

compensating the input current of standard transistorized operational 

amplifiers over a moderate temperature range.    Several practical circuits 

are presented which compensate the input current so that the maximum 

remaining error current is less than 10$  of its original value.     In addition, 

one technique, which has been employed,has consistently resulted in 1 $ 

compensation. 



CHAPTER II 

EXAMPLES OF THE EFFECT OF INPUT CURRENT 

In order to understand the importance of input current compensation, 

three typical problems will be given.    In each case it will be assumed that 

the input current of the operational amplifier is  10 nA,   a typical value for 

good commercial models. 

A. INVERTING AMPLIFIER 

Figure 1 shows a common use for an operational amplifier,   namely, 

a fixed-gain,   inverting amplifier.    As shown in the figure,   the input voltage, 

E.    ,   and the currents   I.    ,   1?   and   Al   give rise to a node voltage   e   .     This 

in turn is multiplied by the gain of the amplifier,    —K   ,   to give the output 

voltage,     E_.      The following equations must hold. 

xi - h = AI 

h    -    <E1   ~   en>/Rl 

h   -   K   ~   E2>/R2 

e 
n 

=   -E9/K (2. la,b, c,d) 

Solving these equations for    E?    yields 

-(E     -   AIR) 
E-,   =    i B   X (2.2) 

rRl+     Rl        1 

For the usual case of   K   > > 1   we get 



E2 «-57 (Ei " AIBRI> <2-3> 

The output error voltage due to   Al      may be expressed as 

AE2    =    AIBR2 (2.4) 

As a practical example assume, 

4 
K   =    10 

R    =   io5 a 
R2    =    106 Q 

Al_.    =    10"8 A o 

From Eq.   (2.4),     AE2    =    10"8   x    10"6   =    10 mV. 

B. INTEGRATOR 

Figure 2 shows the connection for an integrator.    The output voltage 

will be a function of both the signal current and the input current as indicated 

below: 

eo        ~C   1   (is   -   AIB) dt (2.5) 

It is immediately apparent that any input current will result in an 

error in the output voltage.    Assuming a relatively constant signal current 

and,   that   i      > >     AlR   ,   the percent error will be directly related to the 
S 1J 

ratio    AlR/is.     Thus if the signal current is    1 uA   and the input current is 

10 nA   as before,   an output voltage error of approximately 1% would be 

expected. 

The input current may represent a more serious error when the 

integrator is used in a signal detection process.    Under the "no signal" 



condition,  the input current alone will charge the capacitor.    If the time 

interval is long enough,  the resulting current may drive the output voltage 

to full value.    An example will illustrate this fact. 

Let 

Aln = 10~8A 

At = 1 sec 

C      =   . 001 ui 

then 

10"8 

e=^'\      Alndt= —   =10 volts. (2.6) 
° ] ft -9 0 10  V 

C. SAMPLE AND HOLD CIRCUIT 

Figure 3a shows a portion of a typical sample and hold circuit.    Here 

the amplifier is used in the voltage follower mode.     The capacitor C has 

been charged to a voltage V through the analog gate which is assumed to 

have zero open-circuit leakage.    When the gate is open circuited,   it is 

desired to hold the charge on the capacitor for an interval of time, At. 

During this time,the voltage will decrease (or increase,  depending on the 

current direction) by an amount, A V, due to the finite input current, AlR, as 

shown in Fig.   3b.    If it is assumed that A V represents no more than 10^ 

of V,  a linear discharge (or charge) rate may be used as a good approxi- 

mation to the actual exponential rate.     Under these conditions the following 

relation holds: 

AlR At 
AV =   —5  (2.7) 

C 

A practical example will now be given. 



Let    AlD =  10   8A 
B ? 

At     = lO'^sec 

C       =0. 01 ui 

then AV   = 10"    X 10—   = 10"2 volts = 10 mV. 
10-8 

One way of decreasing this error voltage due to the input current is 

to use a larger capacitor.     Thus if C is increased to 0. 1 u-f,  the error would 

be decreased to 1 mV.     This however requires that the charging current 

through the analog gate be increased by ten times or that the charging time 

be increased by a factor of ten.    If neither of these parameters can be 

altered,   then the only recourse is to reduce the input current Al_,.     Thus in 
JD 

order to reduce the offset voltage error to 1 mV it is necessary that the 

input current not exceed 1 nA over the temperature range of interest.     This 

is a most stringent requirement since this may represent as little as 2$  of 

the original uncompensated base current. 



CHAPTER III 

DESCRIPTION OF TRANSISTOR BASE CURRENT 

A. TRANSISTOR ACTION 

The V-I characteristics of a transistor are governed by the 

distribution of minority carriers in the three physically distinct regions. 

Under ordinary low-injection conditions,   the emitter-base and collector- 

base junctions contain a narrow space-charge region across which the entire 

V„R   and   VpR   drops may be assumed to occur.    The charge motion in the 

remainder of the regions may thus be described by the field-free diffusion 

equation,   whose    solutions depend only upon the minority carrier 

concentrations at the edges of the space-charge regions.     The voltages    v"„R 

and   VrR   cause both the emitter and collector currents to behave as the sum 

of two terms,   the first of which is identical to the ideal diode equation with 

saturation current   IES (Ics)   and the second of which represents a coupling 

effect whereby the emitter (collector) current depends upon the diode action 

of the collector (emitter) junction.    This behavior is well described by the 

Ebers-Moll large signal model    (Fig.   4).    The consequent equations, 

specialized to the case of active operation (forward biased emitter and 

reverse biased collector),   are given below: 

(3. 1 a,b) 

*E   ■   ^ES^qVEB/kT-   0  WCS 

IC   =   - ^ES^VEB/kT-0-ICS 

The resulting input base current is given by 

IB   =   -(IE   *   Is) (3-2) 

=  -d  - aF)  (eqVEBlkT -  DIES+(1-«R)ICS 



The temperature dependence of   IR   at constant   I~   is obscured by 

the fact that both the leakage currents    UES   »    *CS^   anc* t*ie a^P^as are 

functions of temperature.    The dependence of the leakage current is fairly- 

well understood,   and although there are about six physical components of it 

which exhibit temperature dependence,   the principle contributor is the square 

of the intrinsic carrier concentration,  which can be shown to be proportional 

to 

T3     -EB kT T    e      & 

where    E     is the hole-electron ionization energy. 

Unfortunately,  there is little theoretical understanding of the gain 

versus temperature characteristic of transistors.    Obviously the forward 

alpha,    a-p   *    affects   IR(T)   greatly,   since its value is so close to unity in 

high gain transistors.    At high temperatures the    (1   —  aR) Ir~   term may 

also become significant.    This leakage component is in the opposite sense to 

the beta component of the base current as Eq.   3.2 indicates. 

B. TYPICAL BASE CURRENT DATA 

The data presented in Fig.   5 show the average base current versus 

temperature curve at several collector current levels for the 2N2920.    The 

linearity of the curves suggest that the percentage temperature coefficient 

TC = IS v .c 
is very nearly constant with temperature,   and decreases slightly with 

increasing collector current.    Data on the leakage current is also included 

to show its effect at high temperature. 

The uniformity of the base current curves over two orders of 

magnitude change in collector current,   indicates that the percentage 

accuracy of input current compensation should be unaffected by factors such 

as amplifier gain and frequency response,  which tend to influence the 

8 



selection of collector current levels.    Applications which require an upper 

limit to the input current also place an upper bound on the collector current. 

Figure 6 shows the same base current on a linear scale for 

I_    =    lOfxA.    The temperature coefficient of   IR   is about   — 1 %/  C at this 

level.    Thus the temperature coefficient of beta,at constant   Ir,is about 

+ 1 %/   C.    However,   the coefficient for any one transistor may vary 

appreciably from this value,   a fact which demonstrates the difficulty of the 

compensation problem and the need for fairly sohpisticated solution 

techniques when the performance criteria are stringent. 

C. COLLECTOR-BASE LEAKAGE CURRENT 

Even though it is the total base current which is of concern in the 

compensating problem,   the results of using high leakage transistors are a 

reduced uniformity of characteristics and poorer long-term stability.    The 

reason for this is that the leakage current is a poorly controlled parameter 

and hence is more subject to short and long term fluctuations than is beta. 

In general,   the leakage current should be some fraction of the 

specified final error current,   at the highest temperature considered.    A 

rule of thumb for silicon devices is that the leakage current doubles for each 

8   C rise in temperature.    Thus from 25   C to 60   C the increase in leakage 

will be about 20 times. 

Many high quality,   high beta transistor pairs will have a leakage of 

0. 1 nA or less at room temperature.    This would result in a leakage of 2nA 

or less at 60   C.    It is thus apparent that for compensation circuits to be 

most effective,   only transistors with 0. 1 nA leakage current at 25   C should 

be used. 

Traditionally,   transistor manufacturers specify a maximum value of 

2 to 10 nA at 25   C.     However,   with modern passivation techniques it would 

now appear feasible for manufacturers to specify a maximum of 0. 1 nA. 

For precise applications,   the user should reject those units which do not 

meet these stringent specifications. 





CHAPTER   IV 

TECHNIQUES FOR TEMPERATURE COMPENSATION 

OF BASE CURRENT 

A. INTRODUCTION 

Figures 5 and 6 show the variation of input base current with 

temperature.     The temperature coefficient is approximately —1$  per degree 

centigrade.    One can infer from this fact,  that for any temperature com- 

pensating circuit to be fully effective,  the circuit should contain a temp- 

erature sensing element having a temperature coefficient not less than 1$ 

per degree centigrade.    In addition,   since Fig.   6 indicates a non-linear 

relationship,   either the sensing element must have an essentially identical 

non-linear characteristic,   or it must be incorporated into a network such 

that its natural characteristic can be modified to conform to the required 

curve.    It should be noted that incorporating a sensor in such network can 

only serve to decrease its effective temperature coefficient.     Thus,  to be 

used in this manner,   the sensor should have temperature coefficient larger 

than the nominal transistor, base current    temperature coefficient of 1$/   C. 

B. RESISTIVE (CONSTANT-CURRENT) COMPENSATION 

The simplest technique for compensation is to employ a constant 

current source to supply the input current; adjusting it so that the resulting 

"error" current is zero at a single fixed temperature.    As an example of 

this technique,   consider an input transistor having a beta of 200 and operating 

at a collector current of 10 JAA.    Figure 7 shows the compensation arrange- 

ment.    R is very large so as not to shunt the input impedance of the amplifier. 

For any fixed temperature,   exact compensation can be made.    At temperatures 

other than the reference temperature,   the uncompensated current will change 

at a rate of approximately 3/4 to 1$ of the original base current per    C.    Let 

us assume a   1.20  C temperature variation,  which would not be unreasonable 

for a laboratory condition or a controlled field environment.    If exact 

compensation is made at,  let us say,   30  C by appropriately adjusting the 

11 



compensating current,  then at 50  C and at 10  C the uncompensated input 

current,   AlR,  would assume values of approximately -10 nA and +10 nA, 

respectively.     The  10 nA value agrees reasonably well with many high 

quality amplifiers now available.    Obviously,  by decreasing or increasing 

the collector current,  the net input current will also be decreased or 

increased with corresponding changes in the other characteristics such as 

gain,  frequency response and input impedance.     The 10 nA value represents 

20$ of the original input current and for many applications may be acceptable. 

A lower input current over a larger temperature range would,  however, 

greatly increase the utility of the amplifier.     This goal can be accomplished 

by any one of the following techniques,   some of which are only slightly more 

complex than the simple one given above. 

C. CONSTANT TEMPERATURE OVEN 

Perhaps the most obvious approach to a wide range compensating 

circuit is to simply avoid the problem by enclosing the input transistor in 

an oven whose temperature is controlled at a temperature higher than the 

maximum expected environmental temperature.     Unfortunately,  for today's 

miniature circuits and low power requirements,   this approach is usually 

impracticable — at least for most component ovens available today.     The size 

of these ovens and their power requirements are outrageously incompatible 

with the size of an input stage. 

For a constant-temperature oven to be practical in this application, 

the volume probably should be no larger than 0.01 cu.   in.   and the heater 

requirements a fraction of a watt.     This amounts to be an order of magnitude 

improvement over most small enclosures available today.    It would appear 

that a completely different approach is required to reach a solution to this 

problem. 

One such approach is to use the heat dissipated in a reverse biased 

collector junction as a heater for the oven.*   The collector current thus 

*This idea was suggested by P. R.   Drouilhet,   Jr. ,   of Lincoln Laboratory. 

12 



determines the total heat dissipated.     The temperature sensor may be 

either a forward biased diode which has «2 mv/  C temperature sensitivity 

or a silicon resistor which has a temperature coefficient of +0. 7$/   C.     The 

dc control amplifier can easily be an integrated circuit occupying a single 

"chip".     The heater and temperature sensor described above may be 

mounted on a TO-5 header in close proximity to the differential input pair. 

Thus,  the entire arrangement may be contained in a TO-5 enclosure 

(«a 3/8" dia. ,   1/4" high).     The dc control amplifier may be contained in a 

similar enclosure.     It is even possible that the single chip containing the dc 

control amplifier could also be included in the "oven" enclosure.    In either 

case,   the reduction in size and power requirement has been achieved — the 

latter because of the close proximity of the heater to the input stage,  and 

because of the low thermal mass of the assembly. 

Although the exact set-up as described above has not been attempted, 

a reasonable approximation to it has been tried and the performance deter- 

mined.    The approach was to use a dual transistor pair in a TO-5 enclosure. 

One transistor of the pair was used for the heater described above; the base- 

emitter diode of the other transistor was used as the temperature sensor. 

The dc control amplifier was built externally using standard components. 

(See Fig.   8. ) 

Initially,  the forward voltage of the base-emitter diode was measured 

over a wide temperature range.     Using this data,  the reference voltage of 

the dc control amplifier was set to give the desired temperature.     Con- 

versely,   the temperature of the diode (and the oven assembly) may be 

determined by measuring the diode voltage during operation. 

Figure 9 shows the actual temperature variation of this "oven" as the 

ambient temperature is varied over a range of 0 - 70  C.    As can be seen, 

the variation is   — 2  C over a 55  C range.     The virtue of this solution is 

quite apparent.    In addition,  we have the elegance of proportional control 

which gives rapid and smooth control of the temperature with no switching 

transients to upset sensitive circuitry. 

13 



The power required to operate this oven varied from nearly 1 watt at 
0  C ambient to zero power at an ambient temperature of 75°C,  which was 

the maximum heater operating temperature.     (See Fig.   10. )    In the usual 

transistor assembly,  the object is to remove heat from the inside to the 

outside.     In this application,  however,  the object is to reduce the heat loss 

by an appropriate design.    A small insulating cover over the transistor 

would reduce the heat loss  considerably.     With these techniques,   it should 

be possible to reduce the power requirements to a fraction of that indicated 

on the graph. 

It is conceivable that all of the circuitry could be realized as a hybrid 

multi-chip assembly or a single-chip integrated structure.     The isolated 

differential pair would be located so as to share the relatively stable tem- 

perature environment created by the heater and control circuitry. 

The above solution permits the simple resistive compensation circuit 

of Fig.   15 to be used.    Since the oven temperature is controlled to   — 2   C 

over a 55   C range in ambient temperature,  the input current could be com- 

pensated and maintained to within approximately — 2$ of the nominal base 

current at the controlled temperature.     This would result in an input current 

of about — 1 na,  assuming a controlled temperature of 75   C and a base 

current of 50 na at 25   C.    Even if other factors increased this input current 

by several times it still would be less than that usually specified for standard 

operational amplifiers.     The improvement for integrated operational ampli- 

fiers is potentially greater since compensation usually is not employed. 

Because of the high operating temperature,   the beta of the transistor 

will increase approximately 50$ above the room temperature value.     The 

corresponding decrease in base current relaxes the compensation problem. 

This advantage may be partially offset by the increase in leakage current 

which contributes to current instability.     (See III C. ) 

D. COMPLEMENTARY COMPENSATION 

A common technique for any temperature compensation is to use an 

identical component which has a temperature coefficient of the opposite 

sense.     The base current of all transistors decreases with temperature. 

14 



For a complementary transistor,  the base current decreases in the opposite 

sense.     This leads to an arrangement which may be used as a compensating 

circuit.    Figure  11 shows a circuit incorporating this approach.    Both 

transistors should have similar temperature coefficients of beta in order to 

achieve close compensation. 

By adjusting R in Fig.   11,  the base current of the PNP transistor 

may be varied so as to match the base current of the NPN transistor (the 

input stage) at one temperature —usually room temperature.     The match 

between their respective temperature coefficients of beta will then determine 

the degree of "tracking" which may be attained over a given temperature 

range. 

To illustrate this technique,  an input stage consisting of an NPN 

SA2320,  operated at a collector current of 10 uA,  was compensated by a 

PNP 2N3251,   transistor.    A number of different SA2320 transistors were 

tried.     The total range of beta for these units was about 2:1.    A representative 

family of error currents for five of these transistors is shown in Fig.   12. 

The shapes of the curves and the resultant error currents are apparently 

related to the variations of the temperature coefficients with temperature. 

The data does not seem to be correlated with beta —at least with this 

small sample. 

This technique illustrates a very simple and economical method for 

achieving compensation.     The "error" current is less than 5 nA or  10<g   of 

the original base current over a temperature range of at least 60  C.     Because 

of its simplicity,  this method would lend itself admirably to integrated 

operational amplifiers where an order of magnitude reduction in input 

current might be achieved. 

E. DIODE COMPENSATION 

The forward voltage of a diode decreases as the forward current 

decreases and as the temperature increases.     These relationships are 

shown in Figs.   13 and 14 for an SG22 diode.    The voltage temperature 

coefficient,  dVf/dT,  may range from 1. 8 to 3. 0 mV/  C depending on the 
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bias current,  temperature and the particular diode design.    At room 

temperature,  the voltage temperature coefficient for an SG22 diode is a 

decreasing function of the forward bias current as shown in Fig.   15. 

At room temperature and with L. = 1 ma,  the percentage temperature 

coefficient,   (1/Vf) (dVf/dT),   is about  l/H/°C.    As If decreases,   both 

(1/VJ and (dVf/dT) become larger as indicated in Figs.   13 and 15.    For 

L. = luA,   the percentage temperature coefficient can become as high as 

3/4<£/  C,  depending on the particular diode.     This is large enough to match 

dl    /dT of many transistors.     The magnitude of the diode current exercises 

a control over the temperature coefficient.     This fact can prove most useful 

in compensation circuits,  as will be seen below. 

Figure  16 shows a practical circuit using a diode for compensation. 

The 15 megohm resistor sets the forward bias of the SG22 diode to approxi- 

mately 1 uA.     The 1 megohm potentiometer permits adjustment of the com- 

pensating current to exactly match I_ at one temperature.    At other tem- 

peratures,  there will be approximate tracking.    Figure  17 shows the resulting 

error current for five different SA2320 transistors.    From these curves it can 

be seen that very good compensation can be achieved with this simple circuit. 

It is apparent that this technique becomes less effective if I     is so 

great that it becomes an appreciable percentage of the diode current.     This 

is the principal restriction upon this method.    It might also be noted that by 

careful adjustment of the diode current,  its temperature coefficient could be 

made to match that of a particular transistor quite well over a limited tem- 

perature range.     This could permit an even better compenstion than that 

shown above. 

F. TEMPERATURE SENSITIVE RESISTORS 

Temperature sensitive resistors may be employed in temperature 

compensating networks.     They are available with both negative and positive 

temperature coefficients.    Figure  18 indicates the generalized circuits which 

are used in each case.     There are a number of components of each type 

available today,  a partial list is given below. 
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1) Resistance alloy wire may have a temperature coefficient 

ranging from practically zero to about 1/2$/   C.     The range of 

values is from a few ohms to perhaps a megohm.     The principle 

disadvantage is the relatively large size,   the low temperature 

coefficient,  and the large thermal time constant.     The advantage 

is predictability and long term stability. 

2) Silicon resistors ' have a resistance temperature coefficient of 

about +0. HI  C.     The temperature coefficient and resistance 

are quite stable.    Resistance values range from about 10ft to 

10 K. 

3) Silicon Carbide,   in the single crystal form (carborundum),  has 

a temperature coefficient of about -2. 44/   C at 25  C.     The 

nominal resistance value available at present is 2600 ohms. 

Silicon carbide has the advantage of good electrical stability 

and inertness to most environmental conditions. 
8   9   10   11 4) Thermistors   '    '      '       are usually made from the oxides of 

manganese,  nickel and cobalt,   mixed with a binder which is 

then molded into an appropriate form.     The most common 

thermistors have a negative temperature coefficient which 

normally ranges from 3-6$/   C although they can be made as 

low as 0. 3#/°C.     The resistance range is from 100 ft to  10 M ft. 

Thermistors with a positive temperature coefficient of about 

8$/  C are also available with a resistance range of approximately 

10 ft to 100 Kft.     The principle advantages of thermistors are 

the wide range of values,  large temperature coefficient and the 

great variety of physical shapes which are available (e. g. , 

beads,   rods,  discs,   probes,  etc.). 

G. THERMISTOR COMPENSATION 

The resistor-thermistor circuit shown in Fig.   19 has a voltage transfer 

function which can have a temperature coefficient ranging from nearly zero 

up to the temperature coefficient for the thermistor,  depending upon the 
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relative values of the resistors.    Due to the great flexibility of this circuit 

and because its temperature dependent transfer functions can be readily 

controlled by the use of precision resistors,  it was decided to investigate 

this circuit in detail and to determine the limit of effective compensation 

possible with it.     The remaining chapters of this report will deal with the 

analysis and application of this circuit to various compensation requirements. 

H. ADDITIONAL CONSIDERATIONS 

1) Self Heating of Sensor.    In all of the temperature sensitive 

elements described above,   self-heating is a factor which must 

be taken into account.    In general,  the current which operates 

the TC device should not raise its temperature by more than 

1   C above the ambient temperature and preferably much less 

for accurate compensation.    Manufacturers normally list the 

power ratings of these devices so that the temperature rise 

may be calculated quite accurately.    Self-heating may also 

become more important at the extremes of the temperature 

range where the sensing element has extreme values.    Such 

conditions should be investigated for critical circuits.     Thermal 

contact with other circuit elements will alter the self-heating 

effects.     This subject is discussed further in VII-A-2. 

2) Increasing the Effective Temperature Coefficient.     The 

effective temperature coefficient of resistance of the above 

devices may be increased by means of a ladder-cascade as 

shown in Fig.   20.    A three stage ladder is shown.    By properly 

choosing the values of R,,  R-,,  and R, the temperature co- 

efficient may be tailored to the value necessary to match that 

of I,-, of the transistor under consideration.     The more "stages" 

which are used,  the higher will be the effective temperature 

coefficient. 

3) Thermal Contact.    It is apparent that good thermal contact 

between the sensing element and the transistor is desirable. 
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Ideally the sensing element should be included within the tran- 

sistor can,   but fairly good contact can be made by using epoxy 

cement to attach the sensing element to the outside of the can 

or to the bottom side of the header.    For less critical circuits 

it can be mounted in the near vicinity of the transistor.    For 

completely integrated circuits the thermal contact problem can 

probably be neglected. 

4) Voltage Follower Problem.    When the amplifier is used in the 

voltage follower (unity gain) configuration (see Fig.   21),   the 

input terminal is no longer a voltage node but will vary directly 

with the input signal.    This use imposes particular constraints 

on the compensating circuits.    It is apparent that first of all the 

input stage should have an active current source (common-base 

configuration) in the emitter circuit.     This is so that the input 

current will not vary appreciably with the signal voltage.    In 

addition,   the compensating circuit itself must be referenced 

to the signal voltage.    Since the output voltage is a replica of 

the input,   the compensating circuit may be connected to it for 

reference,   thus making the input current correction nearly 

independent of the signal level.    A later section (XII-D) will 

treat the practical aspects of the voltage follower problem. 

I. SUMMARY OF TECHNIQUES 

Four distinct methods for temperature compensation of transistor 

base current have been given,     1) the TO-5 oven with resistive (constant- 

current) compensation,   Z) complementary compensation,   3) diode compen- 

sation and 4) resistor-thermistor compensation. 

The first three techniques are distinguished by having only one degree 

of freedom and hence the base current may be cancelled at only one temper- 

ature.    Above and below this temperature,   the error current is very much a 

function of the characteristics of the particular transistor and compensating 

element used. 
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The TO-5 oven technique^which maintains a more or less constant, 

elevated temperature avoids the problem and very good results can be gotten 

with it.    However the more complex circuitry required can probably only be 

justified if additional benefits are gained,   such as stability of the V"R-_, match 

of a differential pair.    For this case,   an improvement of ten times in voltage 

stability over a wide temperature range could be obtained.    This technique 

could also be used for TC zener diodes,   matched diodes,   etc. ,   to obtain 

unusually good voltage stability. 

The complementary and diode compensation techniques are particu- 

larly valuable because of the simplicity and economy in components and size, 

thus making them useful for integrated circuits. 

The resistor-thermistor compensation has three degrees of freedom, 

realized by adjustment of R.,   R^ and R~  (or Rp).    Figure 16.    The base 

current may thus be cancelled at three different temperatures.    If a circuit 

is matched to the exact measured values of a particular transistor (individual- 

compensation),   precise compensation may be obtained at these three tem- 

peratures.    If the base current is a smooth,  monotonic function of tempera- 

ture,   as is normally the case,   good compensation may be expected for in- 

between temperatures. 

If a single circuit is designed for the average  transistor characteristics 

(average-compensation),   the compensation will obviously be poorer because of 

the variability of transistor characteristics.    However,   because of the three 

separate design temperatures,   a reasonably flat compensation can be expected 

over this range of temperatures.    As a result,   the performance is more pre- 

dictable than that for the single-temperature compensation techniques.    These 

results are equivalent to those obtained in any approximation problem, where 

the goodness-of-fit improves with the degrees of freedom available. 

Because of the flexibility of the three-temperature compensation cir- 

cuit,   this problem is treated in detail in the remainder of the report. 

Chapter V provides the analytical basis for the design,  while Chapter VII 

gives the results of a number of practical designs,which gives convincing 

proof of the validity of this design technique. 

20 



CHAPTER V 

ANALYSIS OF RESISTOR-THERMISTOR COMPENSATION 

A. TEMPERATURE TRACKING 

The particular configuration of the circuit in Fig.   19 has been chosen 

because its temperature tracking characteristic may be directly determined. 

It is apparent that for all "reasonable" component values,   the potentiometer, 

R.j    ,   may be set so that the base current is exactly matched at one temperature, 

T   .    If,   in addition,   the resistors    R.    and   R?    are appropriately chosen,   the 

compensating current can be made to match the input current at two 

additional temperatures.     The diode in Fig.   19 approximates an ideal voltage 

source which drives the compensating circuit.    As the temperature increases, 

the net effect of the thermistor is to decrease the voltage across    R     and 

hence the compensating current through    R,..     This temperature behavior 

approximates that of the transistor base current over a temperature range 

which may be specified in the design. 

At temperature extremes (relative to   T   ),   the thermistor approaches 

either zero or infinite resistance,   causing the voltage applied to   R_    to 

become essentially constant.    This results in over compensation at high 

temperatures,   and under compensation at low temperatures.     The slope of 

the compensation at these extremes approaches that of the resistive 

compensation (see IV-B),   but in the vicinity of   T    ,   the curve closely tracks 

that of the base current.    This effect is shown in Fig.   22.    The remainder 

of this chapter treat6 the problem of choosing component values to achieve 

this type of compensation for a given temperature range. 

B. CIRCUIT COMPONENTS 

In the previous chapter several possible choices for a temperature 

.sensor have been suggested.    The thermistor is selected because of its 

large temperature coefficient and the degree of manufacturing quality control. 
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The thermistor resistance vs.   absolute temperature behavior is 

given by 

o o 

(5.1) 

The temperature coefficient of resistance is 

1      9RT ß 

O 

9 o A typical value    of   ß   ,   expressed in    K,   is about 4000.    For operation near 

room temperature   (T     ^   300  K),    a value of   .045 (4.5%/   C) is typical 

for   GL.    Figure 23 shows a typical resistance vs.   temperature curve for a 

10K thermistor.    References 8,   9,   10,   11 discuss some of the electrical 

properties of thermistors. 

In the circuit of Fig.   19,   the silicon diode is included not out of 

necessity but because it provides a convenient voltage source to drive the 

network.    The temperature coefficient of the diode voltage is easily derived 

from the ideal diode equation. 

1 = T (eqv/kx _ n (5.3) 

and is 

öl 1  av 1 kT         s 
V  BT I         T qVIs   9T 

(5.4) 

The second term usually predominates,   giving a temperature coefficient of 

about   —. 3 to   —. 4%/  C for a silicon planar diode.    At a current of   1 mA, 

the diode voltage decreases about   2. 0 mV"/   C.    This temperature dependence 

can be absorbed into the model and need not significantly affect the 

performance. 
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The dynamic impedance of the diode is given by 

2d« = & -4iSrohmsat T = 300°K      (5-5) 

The diode current and the impedance level of the compensating circuit 

should be chosen so that the circuit represents a sufficiently small load on 

the diode.    If this is not possible,   the dynamic impedance of the diode, 

which acts as the series impedance of the voltage generator,   must be taken 

into account by a second-order correction.    Since this impedance is in series 

with   R.    ,   it is necessary to correct for this fact by subtracting    Z      from 

the calculated value of   R,    giving R.   = R   — Z    as the actual resistance used. 

C. CIRCUIT ANALYSIS 

A detailed study of the analytical model in Fig.   24 is given below. 

By neglecting both source and load impedances,  we effectively assume a 

cascade of stages isolated by a proper selection of impedance levels in the 

analysis.    Justification for this is provided in Chapter VII. 

Consider the voltage transfer function of the network,   which is 

V(T) 
H(T)   =   —    =  (5.6) 

Vd(T) K K . 
1    +  —- (l   +    -    ) 

In order to force the input and compensating currents to be equal at 

the three temperatures    T-    T      and   T      ,   the following equations must 

hold: 

Vf(T£) Vd(T£) H(T£) 

'« - Rf Rf 

Vf(To) 

Rf 

Vd(To) H(To) 
1 o Rf 

i      = u 

Vf(Tu) 

Rf 

Vd(Tu) H(Tu) 

Rf 
(5.7a,b,c) 

23 



The subscripts   £,    o   and   u   indicate lower,  middle and upper temperatures, 

respectively in the above equations. 

Equations (5. 7a,   b,   c) may be written in the simplified form 

H(T£)   =   £H(TQ) 

H(Tu)   =   uH(To) (5.8a,   b) 

by defining 

£   - T"   v  IT \    >   l (5.9a, b) Xo   vdur 

I     V,(T  ) 
u   ^  -E  «d_2_  <   l. (5.9a,   b) 

Xo   Vd(Tu) 

The inequalities on   £   and   u   arise from the fact that the base current 

exhibits stronger temperature dependence    ( c- 1 %/   C),   than does the diode 

voltage (l/3%/°C). 

By using the definition of   H(T)   given in Eq.   (5. 6),   the requirements 

of (6. 8a,   b) can be written as 

iTi + Jir i + -^ *)i = i + iri +   *3   ") L       R3 v        R2 + R, y J R3 v        R2 + RO J 

L R3    V R2    +    R^ J J R3   V R2     +    Ro J 

(5. 10a,  b) 
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where the notation 

=    R^  e      V   o u    ; R     =   R^  e      V   o      T£ Ro    "    RT   ; Ru ' iVe o o o 

(5. lla,b, c) 

has been introduced. 

If we attempt to eliminate either   R.    or   R^   from either of the above 

equations,   we obtain the following two equivalent forms: 

R.Ro it -  l)(RP   +   RJ(R,   +   R#) 
1J D D £ O £ t /ci->i_\ 

Rx   +   R3   
=   Rl  "    R3   =        R2   +   R£   -   ^(R2   +   Ro) (5' 12a>  b) 

(u   _   i)(R2   +   RQ)(R2   +   Ru) 

R7   +   R     _  u(R-,    +   R  ) 

Thus it is seen that   R,    and   R_    affect the fractional change in voltage 

transfer function only through their parallel  combination 

R
P = Ri II R3 = irpriq- (5-13) 

The minimum value of the transfer function occurs for the case    R0    =    R  , 3 P 
R,    =   oo,   and it increases monotonically with   R^   from zero to a maximum 

at   R-3    =   co,     R      =    R  .    This circumstance permits a degree of freedom in 

the choice of voltage level (and hence the value of   Rf) in the compensating 

current feedback scheme.    Some considerations which influence this choice 

will be discussed in Chapter VII,  A-l. 

By equating the two expressions for   R      ,   an expression for   R^   can 

be obtained which can in turn be used to derive an explicit formula for   R  . 
P 

The results of these manipulations are: 
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R     = 
P 

(£_)(!_ u,(£ _ U)(R£ _ Ro)(Ro _ Ru)(R£ - RJ 

[(1 - u)R£ + (£ - l)Ru - (I - u)Ro][«(l - u)R£ + u(£ - l)Ru - (I- u)RQ] 

(5. 14a,   b) 

and 

£(1   -  u)RoRu   +   u(£  -   l)RoR£  -  (I -  u)RuR£ 

2 1(1   -  u)R£   4-   u(!   -   DRy  -   (I  -u)R0 

In general,  numerical solutions are most easily obtained by solving (5. 14b) f°r 

R?,   and substituting into either (5. 12a or b) to get   R  . 

D. SOLUTION PROPERTIES 

The complexity of the expressions for   R     and   R_    obscures some 

salient properties of the compensation network behavior.    These expressions 

can be simplified considerably by introducing a few simple,   and quite 

realistic assumptions.   Assume that the thermistor resistance and the input 

current vary exponentially with temperature.    If we restrict ourselves to 

symmetric compensation,   i. e. 

T-T=T-T,   =   t (5. 15) u o o £ 

then we will have 

£   =   e>*; u   =   e"yt; (y   >   0) (5. 16a,   b) 

and 

R.   =    R  eat; R     =    R e"ttt; (a   >   0) (5. 17a,   b) £ o u o 
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The solutions reduce to 

R     =   R      (e2^   -   l)(eöt   -  e-*) 
P °   (e*   _   e-tft)(eat   _   e>*) 

(y-ct)t 
R.    =   R 

°    y* - e-tft e'L   -   e-« (5# 18a,   b) 

Of primary concern is the requirement that   R      and    R- be positive. 

The only factors in    R      and    R?   which can be negative are    (e —   e'   )    and 

(1   —   e    '         ).  However,   the simple solution 

ö  a  y (5. 19) 

is both necessary and sufficient to guarantee that both   R     and   R?    are 

positive.    This result confirms the intuitive notion that the temperature 

sensor in the compensating circuit must have at least as large a temperature 

coefficient as the current to be compensated. 

In the special case,    y   =   a,    R,    approaches   as,    and the combination 

of   V      and   R.    must therefore appear to be a current source.    For these 

conditions,   R?   goes to zero,   and   R-    becomes infinite.     The result is that 

thermistor voltage drives    R-   directly.    Practically,   it is sufficient that 

both   R.    and   R_    be large relative to    RT   for the above conditions to be 

satisfied. 

In many cases,   we may wish to ask the question:   what should the 
relationship between alpha and gamma be ?    The two problems stated below 

are different ways of asking this question; fortunately,   the answer is the 

same in either case. 

The problem statements are: 

1. Given a particular transistor (hence a fixed value of   y),   what 

value of   c£   will minimize the dependence of   R?    and   R     on variations in   Q? 
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2. Given a particular thermistor (hence a fixed value of   a)   what 

value of   y   will minimize the dependence of   R?   and   R     on variations in   y? 

The two problems are equivalent to minimizing compensation sensitivity to 

variations in the thermistor and transistor characteristics,   respectively. 

The curves of Fig.   25a,   b   give the answer to the first problem.    For 

a given   y      ,   both derivatives 

ÖR2 

a 

OR 
and 

yo da v< 

approach zero monotonically as   &   -»   <*> .    Hence we desire an alpha as large 

as possible. 

The corresponding curves of Fig.   25c,   d   indicate that for fixed   OL    , 

we prefer  y   as small as possible.    The general result    is that sensitivity to 

errors in component values is minimized when the temperature sensor has a 

much larger temperature coefficient than does the current to be compensated. 

A similar result could be expected for asymmetric compensation. 

An implication of this result relates to the "average compensation" 

problem,  which involves the selection of a compensation circuit based upon 

some typical figures for particular lot of transistors.    The circuit is to 

perform reasonably well for any of these transistors.    Figure 25c,   d   implies 

that a circuit designed for the average    £   and u should perform reasonably 

well if the thermistor has a large temperature coefficient.    Although Eq.   (5. 2) 

indicates a variation of   a.   with the temperature,    T      ,    the magnitude of 

this variation over the usual range of operating temperatures is sufficiently 

small that the choice of   T      is not significantly restricted. 
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E. SUMMARY OF ANALYTIC RESULTS 

The major result of the above analytic work has been to derive 

equations for the resistor values required by the compensating network, 

given the following necessary parameters: 

Crossover Temperatures T£ T 
o 

T 
u 

Thermistor Resistance R£ 
R 

o 
R 

u 

Diode Voltage Vd(T{) W Vd<Tu> 

Transistor Base Current h I o I u 

Shunt Potentiometer R3 

An orderly computational procedure is as follows: 

1. 
£   =   -i- 

u   = 

w 
Vd<T£> 

Jo     Vd<V 
(5.9a,  b) 

2. 
R. 

£(1   -   U)RQRU + u(£- l)RoR£-(*-u)RuR£ 

«(l-u)R| + u(£- l)Ru-(£-u)R0 

3. 
R 

(£-l)(R2 +R0)(R2 +R£) 

R2 + Rt _ £(R2 + R0) 
(5. 12a) 

4. 
R, 

R-R 
 3   P 
R3-Rp 

(5.19) 

5. R.     =    R.   —   Z,    (correction for the diode impedance) 
(5.20) 
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CHAPTER   VI 

MEASUREMENT  TECHNIQUES 

A. INTRODUCTION 

In order to achieve the most accurate compensation,  it is necessary 

to measure the relevant electrical parameters rather carefully.     If l<g 

compensation is desired,   it is apparent that measurements must be made to 

better than  1$.    Although this presents no problem as far as the diode 

measurement is concerned,  the measurement of the thermistor resistance 

and the transistor base current is more difficult.     The former because of 

self heating and the latter because of the very small current involved.     These 

matters will be discussed more fully below. 

B. DIODE VOLTAGE 

The simplest method for measuring the diode voltage is to connect it 

to a constant current power supply (or the actual current source which is to 

be used) and simply measure the forward voltage with a potentiometer or a 

digital voltmeter.    It is easy to achieve an accuracy of a fraction of a mV 

which represents better than 0. 1$ ,  more than enough accuracy for all 

conceivable circuits.    Figure 26a,  b shows this set-up. 

C. THERMISTOR RESISTANCE 

The problem arising in the measurement of the resistance of the 

thermistor is due to self-heating.    Usually the thermistor is measured in a 

bridge circuit.     The current in the arm of the bridge,   containing the therm- 

istor,   will cause a slight rise of the thermistor temperature due to the 

I R loss which is dissipated in it.    Since the temperature coefficient of the 

thermistor is so large,  this rise in temperature may cause an appreciable 

"error" in the value of the resistance measured.    Actually,  what is being 

measured is the resistance at a temperature somewhat higher than the 

ambient. 
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This effect may be reduced to a negligible amount by reducing the 

current in the bridge.     This,   however,   also reduces the sensitivity of the 

bridge so that it may be necessary to employ a much more sensitive detector. 

This,   in turn,   increases the sensitivity to noise pick-up,   so that shielding 

may be required. 

The actual amount of temperature rise due to self-heating can be 

approximately determined by measuring the voltage across the thermistor, 

while in the bridge,   with a high input impedance voltmeter,   Fig.   27.    The 

power dissipated in the thermistor is E /R and the temps rature rise is 

calculated by multiplying this power by a constant,   k,   which is given by the 

manufacturer for that particular thermistor.    The amount of temperature 

rise is dependent on the temperature coefficient,   the mass of the thermistor 

element,   its resistance and the current through it.    An additional fact which 

must be considered is the thermal time constant.    This is governed by the 

thermal capacity of the entire thermistor,   including any inert material 

surrounding the actual element,   such as glass or epoxy,   and the thermal 

properties of the immediate environment.    This effect is seen as a "time 

lag" between the adjustment of the bridge and the reading of the null detector. 

Finally,   it should be pointed out that although the above considerations 

suffice to determine the "absolute" resistance-temperature function of the 

thermistor,   in actual use,   the thermistor always has some current through 

it and hence some self-heating.     Thus it would appear that the measurement 

which is really needed is that of the thermistor resistance when it has 

approximately the same voltage drop and thermal surroundings as in the 

compensating circuit.    Only a calculation or measurement of these various 

effects can give assurance of the desired results for a given degree of 

compensation. 

D. TRANSISTOR BASE CURRENT 

Assume,   as in previous examples,   that the base current of the 

transistor is approximately 50 nA.    It would be desirable to measure this 

current to an accuracy of 0. 1 nA or 0. 2%.     Because of the inherent noise of 

the transistor it is necessary that some degree of averaging or integrating 
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technique be used to permit consistent measurements.    A time constant of 

somewhat less than one second,  which is typical of some dc meter move- 

ments,  has proven to be most useful. 

Direct reading micro-micro ammeters are available,  but their 

accuracy is limited to about — 3$ of full scale reading.    Even with overlapping 

scales and accurate calibration, it may be hard to improve upon this accuracy. 

A more reliable and accurate technique is to use a null or balancing 

technique.    Figure 28 indicates the method used.    A 4-decade millivolt 

standard power supply operates into a  10:1 voltage divider to give a standard 

voltage adjustable in 0. 1 mV steps,  up to 1. 0000 volts and accurate to 

— 0.05$.     The series,   precision,  wire-wound,   10 megohm resistor,   also 

accurate to   —0. 05-,   becomes the precision current source which will supply 

the base current.     The null meter,   referenced to ground,   indicates when the 

standard source current,   I_,   exactly equals the input base current IR.     By 

adjustment of the millivolt standard,   current balance may be achieved.     The 
1 7 first decade (with the 10:1 divider) thus becomes  lO'VlO' or  10 nA per step. 

The last decade is  10"4/107 =  10"11 or  10 pA per step.     Both the accuracy 

and resolution are thus seen to be sufficient.    At peak sensitivity,  the null 

meter has only 1 mV for full scale deflection,   so that any small error voltage 

on this scale may be neglected completely when compared to the other 

voltages involved. 

One matter which must be taken into consideration is the emitter 

current source for the transistor under test.    For the most precise compen- 

sation circuits,   this current source should duplicate the source in the actual 

circuit.     The reason for this is that practical current sources are non-ideal 

and can contribute an appreciable "error" to the measured input current. 

The simplest current source is a precision resistor returned to a negative 

supply as shown in Fig.   29a.    For this case,  the "error" is due to the 

temperature coefficient of VRF,  which is approximately 2 mV/  C,   of the 

transistor.    For AT = 25°C this effect will cause a change of 50 mV out of 

approximately  15 volts across the emitter resistor.     This is a change of 

1/3$ .    In the current sourse of Fig.   29b,  a common base connection is used. 
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This merely transfers the problem to the V__ temperature coefficient of the 
Dili 

current source transistor.    Since the drop across the emitter resistor is now 

only about 5 volts,  the "error" becomes  50 mV out of 5 volts or  1$ .    Figure 29c 

shows a method for reducing this "error" to a second-order effect.     The 

temperature coefficient of the diodes approximately tracks the temperature 

coefficient of V   „.     This is the circuit which is preferred for accurate 

compensation.    In any case,   for precision compensation,  the current source 

which is to be used in the final circuit should also be the one used in the test 

circuit so that any resulting "error"  current will be included in the measure- 

ments.     The design of the compensating circuit will thus automatically take 

into account this "error" current and treat it as part of the total input 

current.    It is apparent that the current source should be in the oven with the 

transistor under test in order that the most meaningful results be obtained. 

For less accurately compensated circuits this may not be necessary. 

Inasmuch as the currents are so small,   it is necessary to be 

especially careful of current leakage paths and pick-up problems.    It is 

usually advisable to use shielded cable with Teflon insulation for all con- 

nections.     To reduce pick-up problems due to ground currents,   each piece 

of equipment may need to be individually isolated with an isolation trans- 

former.    In addition,  it may be necessary to provide an electrical shield 

around the transistor if electrical noise pick-up proves troublesome. 

E. OVEN TEMPERATURE STABILITY 

Although it might seem to be a trivial problem to maintain a constant 

elevated  temperature with a controlled oven,   such is not the case.     In 

practice,  a number of problems arise,  and must be dealt with according to 

the degree of severity. 

(1)        Temperature Control 

The first problem is simply constant temperature control.     This 

problem is mainly one of thermal and time response of the sensor and the 

total effective gain in the control loop.     Proportional control is preferred, 

since it reduces the fluctuations due to an on-off thermostat.    Some 
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manufacturers claim an "electronically controlled" oven,   inferring 

proportional control.    Frequently it turns out that the oven is still really an 

on-off control variety,   but with the sensing element in a bridge circuit and 

with a control amplifier which operates a relay controller.    A further degree 

of control results when the bridge circuit controls the firing angle of a 

silicon controlled rectifier (SCR).    The SCR usually then supplies the oven 

current directly or through a relay for higher power operation. 

The best control results from the use of a high power DC amplifier 

which delivers dc current to the oven.     This is true proportional control, 

and with adequate loop gain can give very accurate temperature control, 

Unfortunately,   for practical reasons it is limited to applications which 

require a maximum of a few hundred watts.    The larger precise ovens 

nearly always use SCR controllers. 

(2) Temperature Gradient 

The second requirement in an oven is the need to maintain a 

sufficiently small temperature gradient throughout the interior of the oven. 

This is so that the location of the component being measured is not critical. 

If only one component is being measured,   a thermometer can be placed at 

that location to monitor the temperature.    However,   if a number of components 

are being tested,   the problem may become acute.    The temperature gradient 

is caused by two principal effects.    First,   there is the necessary gradient 

through the walls of the oven.    Since heat flows continually through the walls, 

it follows that the temperature near the walls is likely to be somewhat 

different than in the center of the enclosure.    At the corners,   this effect is 

even worse.    The only cure for this difficulty is to select an oven which has 

very adequate insulation in the walls and with a guaranteed,   suitably small 

gradient.    The second effect is the uneven heating and mixing of the air as it 

is forced past the heating element.     The partial cure for this lies in good 

engineering design of the air-flow pattern and the baffling associated with 

the heater-blower system. 
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(3) Electrical Noise 

A third requirement for an oven is low electrical noise.     The 

principal source of noise is that due to arcing at thermostat contacts.    A 

proper R-C network will supress some of this.     In SCR controllers there is 

still the high frequency pulses at the SCR.     The output of the SCR can, 

however,   be filtered,   thus reducing this noise to a minimum.    DC controllers 

of course have no inherent noise.    Blowers,   relays,   solenoids valves (for 

CO     low temperature operation),  are all potential sources of electrical noise. 

For most precise measurements, these elements should be carefully considered. 

Traditionally,   oven manufacturers pay scant attention to some of these details 

since they seem to be periphial to the temperature stability problem. 

(4) Low Temperature Measurements 

Low temperature measurements result in a special problem —viz. , 

condensation and frosting due to either leakage of room air into the chamber 

or the room air which was originally in the chamber.     This effect is partic- 

ularly noticeable during transistor base current measurements,   because of 

the very small currents involved and the close spacing of the leads on the 

transistor header.     Condensation and frosting is quickly indicated when the 

current measurements become erratic or change continuously.    A cure for 

this effect is to introduce dry nitrogen at low pressure (2-3 PS1) into the 

chamber prior to lowering the temperature of the oven.     The nitrogen should 

be allowed to flow long enough so that any residual moisture is completely 

removed from the components,   oven walls,   wiring,  and associated equip- 

ment.     This is best done at an elevated temperature.    A separate entrance 

for the nitrogen should be provided so as not to interfere with the cooling 

valves.     This treatment does not last indefinitely, since a small amount of 

moisture invariably remains and will eventually find its way into the 

circulating stream, to be condensed or frozen.    For periods of time less than 

an hour,  however,   this procedure will permit low temperature measurements 

with little difficulty.     If liquid CO? is used to reduce the temperature,   it is 

important that it be manufactured from dry gaseous CO-,. 
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An additional problem arises in the use of the temperature chamber 

at low temperature.     This is the temperature gradients created by the puffs 

of cold CCL entering each time the solenoid control valve opens.    Although 

the momentary change in temperature is not seen on most thermometers 

because of their long,thermal time constant,   the effect is clearly noted with 

thermistors and transistors which are being monitored with extremely 

sensitive instrumentation.    Reasonably consistent results can be gotten by 

taking the readings just before the valve opens.    Once the period of opening 

is roughly established,   it is easy to estimate the time at which the reading 

should be taken.    An obvious solution to this problem would be to use an 

electronically controlled,  proportional valve.     The expansion valve would be 

roughly preset to give a somewhat larger quantity of cooled CCL gas than is 

needed.     The proportional valve would meter this into the chamber in pro- 

portion to the demand,   the remaining portion being vented to the outside. 

Thus smooth temperature control could be obtained.    An additional luxury 

would be to have this pre-cooled CCL to pass first through an additional 

compartment where a proportionally controlled heater (perhaps the same one 

which was used at high temperatures) would bring the temperature of the CO 

up to precisely the temperature required.     This latter technique would prove 

particularly useful for measurements near room temperature where tem- 

perature control is very difficult. 

F. PARAMETER STABILITY 

(1)        Introduction 

Close compensation has meaning only to the extent that one can depend 

on the stability — either short-term or long-term — of the various parameters. 

The only final way to determine stability is by measuring the various 

parameters repeatedly over a long period of time.     Experience to date has 

extended over a period of 1  - Z years with certain circuits.     In addition, 

manufacturers have considerable data on certain parameter stabilities.     The 

following are some of the results of these experiences. 
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(2) Diode Voltage 

As far as diode voltage is concerned,  a long term stability of 1 mV 

or about 0. 2 percent has been observed for planar-passivated diodes. 

Because the temperature coefficient of the diode is lower than that of the 

other components,   the diode stability contributes to the stability of the 

compensating circuit to a lesser extent. 

(3) Thermistor Resistance 

Manufacturers of thermistors claim that a glass sealed and stabilized 

thermistor will have a resistance stability of better than one percent long- 

term and somewhat better than this figure for short-term stability. 

(4) Transistor Base Current 

The experience to date has been mainly with high quality,silicon» 

passivated,planar transistors.    A stability of 1 - 2 percent over a period of a 

few months has been obtained.    For the examples previously cited,   2 percent 

represents   1 nA out of 50 nA.    Short-term stability for days or weeks may be 

as low as   1/2 percent. 

(5) Thermal Time Constant 

Another factor which must be considered is the thermal time constant 

of the various components used in the circuit arrangement.     The overall 

effect is to produce a short-term instability,   the magnitude of which is 

determined by the size and physical arrangement of the components,   the 

thermal contact between them and the temperature fluctuations and gradient 

of the environment.     Typical fluctuations are due to a moving stream of air 

and/or nearby heat dissipating components.    Accurately compensated 

circuits should be shielded from rapidly moving air currents (particularly 

if the air is apt to be fluctuating rapidly in temperature) and large heat 

sources.     If these precautions are not taken,   the resulting accuracy of the 

compensation may be considerably less than that which the design is capable 

of giving. 
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(6)        Conclusion 
When all of the above factors are considered,  it would seem 

hazardous to guarantee an overall,   long-term stability better than 2 percent, 

even for the most accurately compensated circuit.     If,  however,  R_ in 

Fig.   19 is adjusted every few days or weeks,  a second-order correction is 

then applied which may provide a short-term stability of 1/2 to 1 percent 

for a period of a week or so. 
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CHAPTER VII 

PRACTICAL RESISTOR-THERMISTOR 

COMPENSATION CIRCUITS 

A. DESIGN CONSIDERATIONS 

The simple model used for the analysis of resistor-thermistor 

compensating circuits purposely suppresses some of the problems which 

arise in building the circuits.     In the paragraphs below we point out the more 

important of these and their implications with regard to design. 

1) Scaling Factors and Operating Levels 

As indicated previously,   thermistors are available in a range of 

values from 1 00 ^2 —   10 M£2,   and therefore many orders of magnitude are 

possible for component values.     The voltage transfer function (Eq.   5. 6) of 

the network is naturally independent of any impedance scaling factor,   so the 

coupling to the external circuitry must dictate the constraints on the operating 

level. 

On the input of the compensating circuit,   the characteristics of the 

voltage source must be considered; on the output of the circuit,   the resistor 

which supplies the compensating current to the input transistor base is 

important.     If the impedance level of the compensating network is roughly 

the geometric mean between the input and load impedances,   then the 

"cascade-with-isolation" type of analysis used (see V-C) used will adequately 

model the situation. 

Whatever the voltage source,   it is necessary that the loading of the 

circuit does not change its temperature behavior,   since this temperature 

data is incorporated   into the analysis.     In the case of the forward biased 

diode source,  a change in the diode voltage will alter these characteristics. 

A reasonable requirement,   then,   is that the current drawn from the diode by 

the circuitry be such that the diode voltage is not appreciably changed.    For 

a diode current of 1 mA,   the forward voltage is ^600 mV,    If the circuit is 

restricted to draw at most 1$ of the diode current,   (10 uA),   then the circuit 

impedance seen by the diode must be >60 Kß.    At  1 mA,   the diode is 
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theoretically expected to have about 25£2 incremental impedance; in practice, 

the value may more nearly be 50 Q.    A change of 10 \iA in diode current gives 

a voltage decrease of ^ 0. 5 mV,  which less than 0. 1$ of the diode drop.     This 

is sufficiently small for all practical purposes. 

All three resistors (R,,   R-,,  RT) in the compensating circuit are 

essentially of the same value at room temperature,   so a choice of a 

thermistor having a value of 20 Kftat 25  C would seem to be about right. 

Now consider the effect of the loading resistor Rf.     It must not be too 

small,   since it effectively shunts the amplifier input to ground; however,   it 

cannot be too large,   or it will fail to supply sufficient current to the input. 

Assume that the average input transistor has a beta of 200,  and a collector 

current of 10 |±A.     To allow for a variation in beta with different transistors 

only a fraction of the total voltage,   V  ,   should be used for the average case. 

A design which assumes the potentiometer to be set to give 50$ of V- would 

seem to represent a conservative design.     With the design referred to above, 

Vf is 400 mV,   so that 50$ of this value,   or 200 mV,   is available to drive the 

resistor Rf for the average transistor.     The required value for R   is therefore 

200 mV A  _ _n 
Rf   *    ~TÖ^   =    4 M" 

As shown in Chapter V,   R.   can be adjusted to compensate for the inclusion 

of R-2 in the circuit. 

The 4 MQ shunting impedance at the amplifier input is not too severe 

in many cases.     One is nevertheless tempted to avoid the problem by 

raising the overall impedance level of the compensating circuit,   thus 

permitting a larger Kf to be used.     This may be accomplished by using 

several diodes in series or a zener diode as a voltage source.    For the case 

of the zener diode, the voltage,   Vf,   may become ten or twenty times the 

voltage given above,  and Rf may be as high as  100 Mß .     The zener diode is 

stable and has good temperature behavior,   but will introduce one new 

problem.     The power level in the transistor may be increased to such an 

extent that the circuit may have an error resulting from self heating of the 
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transistor.     The resulting non-linear behavior may be at wide variance with 

that desired.     The self-heat problem is discussed below in some detail. 

2) Self-Heating 

Self-heating in a thermistor manifests itself as a temperature 

differential between the device and the ambient temperature.     In order to 

limit self-heating,  the maximum allowable rise in temperature of the 

thermistor above ambient temperature must be specified.    Since thermistor 

measurements need to have an accuracy of only 0. 5$,  there is no reason to 

require that the resistance change due to self-heat be much smaller.    Since 

the resistance varies at about 5$ /   C,   a deviation from ambient of 0. 1   C is 

certainly tolerable. 

Published data for a thermistor which may be considered as typical 

of those considered for this application,   indicate that a dissipation of 700 

microwatts should raise the thermistor  1   C above ambient near 25   C.    A 

value of 70 JJLW should therefore produce about 0. 1°C offset.     The resulting 

thermistor current limit (for the 20 KQ thermistor) is 

/p" /7O x  10"6 £n      . ,_   ,. 

20 x  10"3 

Because of the resistance change due to temperature variations, the threshold 

may be lower than this. For the parameters chosen, a 10 pA current appears 

to be a very conservative value. 

The self-heating problem with a zener diode source is best illustrated 

by example.    Suppose a 12 volt zener replaced the silicon diode as a source; 

the impedance level of the circuit would be raised by a factor of 20,   as 

would the power dissipated in the thermistor.    For many thermistors,   the 

power required to raise the thermistor temperature 0. 1°C above ambient is 

fairly insensitive to the 25°C resistance.    Using the pertinent numbers from 

the above example,   the thermistor would be about 400 Kß,   and would 

dissipate 40 [L W at 10 \iA current.     This dissipation is much closer to the 

self-heat threshold of 70 |JL W specified above.    At temperatures other than 

25  C a noticeable gradient might appear. 
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It should be noted that if the impedance level had remained the same 

as before,   the power dissipated in the thermistor would have increased as 

the square of the diode voltage.    However,   by raising the impedance level 

proportionally as the voltage is increased,   the power dissipated in the 

thermistor will increase directly with the diode voltage.     This provides 

some flexibility in choosing the impedance level,  but eventually the self- 

heating of the thermistor will enter as a limiting condition. 

3) Temperature Range 

The choice of temperature range over which compensation is to be 

effective is sometimes dictated quite specifically by the operating conditions 

of the particular application.     More often,  however,   only a rough idea of the 

range is given in advance,  and the designer is free to adjust some of the 

temperature parameters of his solution.     The reader should recall that the 

significance of the temperature points T   ,   T   ,  and T   in the solution,   is that 

of pin-pointing zero crossings of the error current curve.     In the regions 

(T   .   T   ) and (T   ,   T   ) the current is finite and has a maximum magnitude 
*   I       o o       u ö 

which increases monotonically,   but noniinearly,   with the intervals 

AT    = T    - T    and AT   = T    - T   .    Experimental data indicate that the slope 
+        u        o - o        £ ^ r 

of the maximum error current increases with AT,  and for this reason it is 

often wise to restrict AT    and AT    to be as small as possible to cover the 

desired range.     There is,  as could be expected,  a trade-off involved here. 

As the width of the temperature range is decreased,  the slope of the error 

current immediately outside the extremes of the range is increased in 

magnitude.     This is important because errors due to component tolerance 

and misadjustment may cause the currents near the end points to exceed the 

desired limit.     The relative importance of these two effects must be 

considered for precision design cases. 

For many applications,  the criterion which sets the values of AT    and 

AT    is the maximum allowable magnitude of the error current.     The maxima 

occur at temperatures T    +1/2 AT    and T     -1/2 AT   ,   approximately.     If 

we have symmetric compensation (AT    = AT   ),  then the two maxima are 

approximately equal,  but opposite in sign.    No analytic result for the values 
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of these maxima has been obtained but data presented in the following section 

indicate that approximately |l |   (AT)   .     For asymmetric design (AT   4 AT   ), 

the greater of (AT   ,   AT ) provides the limiting factor.    Mild asymmetry does 

not seem to affect component values significantly.    Outside the range specified 

by AT    and AT   ,  there is a few degrees leeway before the error current 

approaches the maximum value in the opposite sense.     This leeway is usually 

about 5  C at each end of the range and thus provides some freedom in the 

choice of the end points. 

4) Parameter Variations 

It is important to know how the parameters of transistors,   thermistors 

and diodes vary over a given assortment.     This knowledge will assist in 

giving estimates of our confidence in the compensation.     The parameters of 

interest for the transistors and diodes are the values of t and u.    For the 

thermistors, the parameters of concern is the temperature coefficient,  OL ,  and 

the 25  C resistance. 

The base currents of 30 Amelco SA2320 transistors were measured 

at the symmetrical temperature points of 10,   30,   and 50  C,   with L, =  10 jiA, 

and the parameters  t and  u were computed according to Eq.   5. 9a,  b 

(assuming the diode ratio to be unity).    Figure 30 shows a scatter plot of the 

data.     The resulting locus can be fit to a straight line,   but it is perhaps more 

illuminating to observe that the curve  lu - 1. 00 provides an excellent fit for 

this symmetrical case.     Certainly this is reasonable from the definitions of 

l and u (see Chapter V).     If such a relationship were found to hold for various 

temperature ranges,  temperature increments and transistor types,   then the 

average parameter locus for a given transistor batch could be specified by 

this one number.     Unfortunately,   there do not exist non-trivial solutions 

(R   ,   R?) to Eqs.   6. 14a,   b which are constant along a given  £u = K locus,   so 

that in theory every transistor of a batch will require a unique compensation 

circuit,   even if it does conform to the £u = K curve. 

The spread of values in u is . 82 to .88,   with a corresponding range of 

1. 14 to 1. 23 in I .    This can also be expressed as a spread in the transistor 

temperature coefficient,  y,   of . 0065 to . 0104 (0. 65 to 1. 04$/°C),  about a 
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1. 6:1 spread.     The l u product ranges from . 980 to 1. 015,   giving evidence 

that the exponential model for base current is quite valid.     It should be quite 

apparent that temperature coefficients vary sufficiently from unit to unit, 

that only limited compensation can be expected from an "average" 

compensating circuit designed to be used with any transistor of the group. 

For best results,  individual compensation must be used.    A good comparison 

of these two techniques will be found in Section B of this Chapter. 

The parameters t and u for silicon diodes have also been computed. 

The diode parameters turn out to be far more stationary than the transistor 

ones,   and will therefore contribute little to the error in the average 

compensation case.    For a sample of FD171 diodes,   the values of t and u 

varied only about JL 1$ around their average values,  which were 

L    «1, 07,  u    % . 93.     The I u product remains equal to 1. 00 for all practical 

purposes.     This data was taken as before,  with symmetrical temperatures of 

10°,   30° and 50°C. 

Ordinary thermistors are available with tolerances for the 25   C 

resistance,   ranging from 20$ down to 1$ ,   with 5$ being typical for the 

thermistors considered here.    A class of " Iso-curve"* thermistors is also 

available; these have R-T characteristics guaranteed to be within i 0. 1   C of 

standard curves.    For most applications,   standard thermistors are suitable 

in both the individual design and the average design compensating circuits. 

However,   when exceptionally accurate and predictable compensation is 

desired,   the "Iso-curve"  thermistors should be considered. 

B. PRACTICAL CIRCUITS 

1. Individual vs.  Average Compensation 

Individual compensation requires that each variable component 

(transistor,   thermistor and diode) which is part of the compensation circuit 

be individually measured at the required three temperatures.     The resistor 

values are then computed as described in Section V.    Each circuit is thus 

tailored to the exact measured values of the components involved.     This 

approach certainly will give the most precise compensation.    Experience 

indicates that up to 99$ of the input current may be reliably compensated in 

* Manufactured by Fenwal Electronics,   Inc. 
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this way.    For the example previously cited this would result in 0. 5 nA of 

resulting input current.    Although it might seem that this is a rather 

complicated procedure,   it is worth the trouble where a very low input 

current is required.    Furthermore,  it is a simple matter to make these 

measurements on an "assembly line" basis.     The relevant data are punched 

on cards and a simple computer program then yields the required resistor 

values.     This method has actually been used in design of a large number of 

operational amplifiers.   A computer program is given in Appendix II. 

Average compensation results when the compensation circuit is 

designed using the average parameter values for the components —transistor, 

thermistor and diode.    Only one circuit is thus designed.     The resulting 

compensation is,   of course,   dependent on the variations in the parameters of 

the components.    Experience indicates that with — 5$ thermistors,  — 50 mV 

diodes and quality transistors having a maximum beta spread of 2:1,   up to 

90$ of the input current may be compensated over a 50  C range in temperature. 

In the example cited,   this would represent 5 nA of input current.    Of course, 

the success in compensation is really dependent on the temperature coefficient 

of these parameters rather than their absolute value.     It would seem 

reasonable,  however,  that close component tolerance would tend to be 

correlated with close tolerance for the temperature coefficient too.     Data 

which has been accumulated to date seems to verify this fact sufficiently to 

make this selection process reasonable. 

In summary,   individual compensation is called for whenever the very 

lowest value of input current is required and where the additional required 

measurements can be justified.    For somewhat less critical requirements, 

average compensation will provide fairly low input current.    It is only 

necessary to have average values for the parameters involved.    It should be 

noted that in a system design where both types of compensation circuits are 

needed,   the average values are easily obtained once the measurements have 

been made for the individually compensated circuits. 
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2) Symmetric vs.   Asymmetric Design 

The temperature span will determine the maximum expected input 

current over this  range.     The temperatures may be evenly or unevenly 

spaced.    Symmetric design means that T    — T    = T    — T .    Asymmetric 

design means that T    — T    4 T    — Ta . b Ü o o        t 
Ordinarily,   circuit adjustments are made at room temperature.     It is 

hence useful to make T    equal to the room temperature so that adjustment of 

R- can be made at the center cross over point where the current should 

theoretically be zero.    Actually a small difference in room temperature 

from T    will not affect the final performance by a great deal. 

If only operation above room temperature is expected,   T   may be 

set equal to the room temperature and T    and T    chosen to be some elevated 

temperatures.    Similarly if the operating temperature is always below room 

temperature,   T    may be set equal to room temperature and T    and T    chosen 

to be some low temperatures. 

The choice of T. and T    is dictated by the anticipated range in 

operating temperature.    As mentioned before,   the designated compensation 

will hold for about 5   C beyond these extreme cross over points for reasonable 

temperatures.    If the expected rise in operation temperature exceeds the 

expected drop in temperature or vice-versa,  an asymmetric design may be 

indicated.     There is,  however,   little advantage,   in asymmetric design 

having only  10  - 20$ asymmetry. 

For many applications the choice of symmetrical temperatures of 0   , 

25    and 50  C for T. ,   T    and T    is convenient.     In the practical examples to 

be given below,   the range has purposely been kept above 0  C to avoid the 

problems associated with condensation and frosting as described in 

Section VI.     These examples were selected to demonstrate the effects of 

temperature span,  asymmetry,   and average compensation. 

3) Individual-Symmetric Example 

Figure 3 is the schematic of an individual-symmetric compensation 

circuit for a SA-2320 transistor. The critical temperatures were 20 - 40 

60  C.     The table of parameter values and the results of the computation are 
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given below.     The very large number of decimal places for £ and u are used 

in the computation only because of the way in which they enter into 

Equations 5. 14 a and b and not because of any inherent extreme accuracy 

requirements. 

TABLE I 

T(°C) Vd(mV) IB(nA) Rt(n) 

20 

40 

60 

722. 0 

687. 6 

652. 6 

53.92 

44. 87 

37. 25 

7300 

3346 

1700 

1= -Jt 1.14443856 

u   = 
u Vd (To> 

Vd <T»> 

0.87469975 

R,   =   1543. 51370 s» 1544 Q 

R     =    1923. 04293^1923 Q 

R,   = 
R^R 3   P 
R-.-R 3       P 

=    I960.7489 w   1961 Q 

(No correction has been made for Z ,) 
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The resultant input current for this circuit is plotted in Fig.   32.    A 

maximum current of — 0. 1 nA over 45  C in temperature is shown.    Of course, 

it cannot be expected that such extreme compensation would be stable over 

long periods of time.    In accordance with the remarks concerning parameter 

stability,   (Section VI,  F),   one might more conservatively expect a total 

variation of — 0. 5 nA.    short term,and —1. 0 nA long term. 

It is important to know what happens to the maximum error current 

and the shape of the error curve when the temperature span is changed.     The 

pertinent data are given in the tables below: 

TABLE   II 

Measured   Data 

T(°C) Vd(mV) IB(nA) Rt(^) 

0 755. 8 65. 57 17,265 

10 739. 7 60. 24 11,265 

20 722. 0 55. 14 7, 240 

30 704. 4 50.27 4,853 

40 687. 1 45. 89 3, 333 

50 668.6 41. 69 2, 300 

60 650. 4 37. 84 1,621 

70 633.6 34. 23 1,203 

80 615. 4 30. 66 884 
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TABLE   III 

Table of I Values 

T/C) I 

0 

10 

20 

30 

1. 30857232 

1.22836881 

1.14348759 

1.06854158 

T     = 40"C o 

TABLE   IV 

Table of  u Values 

Tu(°C) u 

50 

60 

70 

80 

0.93361412 

0.87110897 

0.81487532 

0.75147423 

T    = 40"C 
o 
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TABLE V 

Table of   R   Values 

Experiment 
Number 

T - T  - T 
£     o     u R^H) R2(Q) 

1 30 - 40 - 50 1999 1745 

2 20 - 40 - 60 2071 1701 

3 10 - 40 - 70 2234 1663 

4 0-40-80 2301 1483 

(No correction has been made for    Z.) 

The circuit which is used is identical to Fig.   31 except for the 

different values for   R.    and   R?.      The results of these variations in 

temperature span are shown in Fig.   33.    It is seen that as the span becomes 

greater,   the maximum error increases as would be expected.    Table VI 

indicates these results. 

TABLE VI 

Table of   I vs.     AT 
max 

AT(°C) 1 I   (+) ! (pA) 1 max*   r |l   (-)l(pA) maxx M xtf I        (pA) max ave. F 

10 20 0 10 

20 150 80 115 

30 600 460 530 

40 1200 1000 1100 

AT    =    (T      -   T.)/2 °C 

max ave. 

u 

n   _\ I (+) max +      I (-) 1   max* 
pA. 
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Note that the value of    |l ( + )|    is always greater than    |l (—) |. max ni ax 
The reason for this disasymmetry is not understood.    Since these results are 

based on only one experiment,   further speculation is unwarranted. 

A plot of the average maximum error current vs.   temperature span 

is shown in Fig.   34.     Because of the complexity of the design equations,   no 

analytical expression has yet been derived for the maximum error current. 

The specific data contained in Table VI can however be used to derive an 

empirical relationship.    A fourth degree polynomial   can obviously be made 

to fit the four values for   I ,   in the table.     The resulting equation max ave. &    ^ 
however obscures the principal behavior of the function due to the presence 

of large terms of opposite sign.    A less accurate,   but more revealing,   fit 

is obtained by the simple equation 

I =   _L   (AT)2'9   ,   pA. (7. 1) 
max ave. 40 

where    AT   =   (T     —   Tj/2    C.    Considered on a point-to-point basis,   this 

error current will vary approximately as the cube of the temperature span, 

AT.    This information permits a quick estimate of the maximum temperature 

span,     AT    ,   which is possible for a given maximum error current.    It may 

be remembered that   AT   will be augmented by about   5   C   at each end of the 

temperature span.    See VTI-A-3.    Also,   the error current which is used in 

the above relationships is the short-term "laboratory value".    This provides 

an insight into the design problem and hence is useful in the initial circuit 

design.    However a safety factor of 2 or 3 should be used to predict the 

long-term behavior,   of the error current,   in practical circuits. 

Since these remarks apply specifically to the particular circuit design 

given,   some variance might be expected for cases where the components and 

operating levels are markedly different from the example cited.    Further 

generalizations  are not warranted from the limited experimental data. 

However,   an analytical expression derived from the original design equations, 

would be completely general in application. 
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4) Individual  - Asymmetric Example 

Using the data in Table II,   III and IV above,   the component values 

may be calculated for two separate asymmetric cases where the ratio of 

temperature spans is 3:1.     The results are given below. 

TABLE VII 

Table of R Values 

Experiment 
Number 

T, - T     - T L        o         u R^n) R2(«) 

5 

6 

10-40   - 50 

30-40   - 70 

2771 

1704 

2374 

1299 

(No correction has been made for R ,) 

Figure 35 shows the resulting input current variations over a wide 

temperature range.    As might be expected,   the maximum error occurs at 

approximately midway of the largest temperature span regardless of 

whether this is above or below the middle crossover temperature T   .     These 

results are shown in Table VIII. 

TABLE   VIII 

Table of I vs.   AT max 

Experiment 
Number 

AT |I         (+)|(pA) 1   max*   '1 xr |I         (-)I(PA) 1   max*   rl*r 

5 10 — 100 

6 10 70 — 

5 30 350 — 

6 30 — 350 
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Because only one set of experiments has been conducted,  no conclusions 

can be reached concerning the comparison of values in Tables VI and VIII. 

The main purpose was to demonstrate the approximate behavior of these 

compensating networks which have been designed in accordance with the 

analysis previously given. 

5) Average  - Symmetric Example 

A network designed to match the average values for the transistor, 

thermistor and diode is of considerable interest since this approach is very 

practical for a majority of uses.     The relevant data for the average  — 

symmetric case (20 - 40 - 60    C) is given below in Table IX 

TABLE IX 

|T(°C) Vd(mV) IB(nA) Rt(«) 

20 

40 

60 

722. 0 

687. 6 

652.6 

51. 79 

43. 53 

36. 30 

7300 

3346 

1700 

I  = 

u     = 

Rl= 

R2 = 

1.13306784 

0. 87863147 

1634 Q 

1368 ß 

(No correction has been made for R ,) 

In this example^fixed values are used for the diode and thermistor,  while 

the average value of IR for a group of twenty seven SA 2320 transitors is 

used.    Since I_ is a less well controlled parameter,  it might be expected 

that one should be able to predict reasonably well,   the performance of a 

"true" average circuit based on the results obtained even with the above 

restrictions. 
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AU 27 transistors were tried with this "average" circuit and the 

resultant input current plotted for each case.     The result was a scattered 

family of curves; fifteen curves, or nearly half,  fell within — 1 nA over the 

designed temperature range.     The remaining transistorsfell within the limits 

of — 2. 5 nA.     Because of the variability of       B  for the transistors,   the curves 

had a variety of shapes.    Figure 36 shows the range of variability for these 

curves.    In some cases the expected "S" does not seem to occur.    However, 

if the range of measurements is sufficiently extended,   the "S"  shape will 

reveal itself.     The non-optimum design results in the shape being obscured 

within the designed temperature range.    Note that the maxima are 

considerably greater than for the individual design case and the cross over 

points may occur remotely from the design temperatures. 

The principle conclusion one can draw from this example is that 

although the shape of the I curve may not be the ideal "S"  shape,   the 

maximum input current is still below 6$ of the original average base 

current.    It may be concluded that 10$ is a conservative figure for average 

compensation,  assuming a reasonable control on the relevant parameters. 

C. SHARED CIRCUITS 

If the compensation requirements are only nominal,  it is sometimes 

possible to effect an economy in components and hence space and cost by 

sharing a single,   centrally located compensation circuit,  with several 

amplifiers.     This of course assumes that the thermal environment is 

reasonably uniform,   such as might be the case for a single printed circuit 

board containing a number of operational amplifiers.    Either a number of 

paralleled R-. potentiometers may be used or the potentiometer,  R~,   may be 

entirely eliminated,   with each Rf being chosen to match the input current 

for the amplifier to which it is connected.    Although some of the versatility 

and accuracy of the separate circuits will be lost,  the compromise may be 

worth while for certain applications. 

Another possible variation exists whenever a number of amplifiers 

are to be used in the normal or resistive feedback sense (not the voltage 
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follower connection) a single voltage source for a number of compensation 

circuits may be derived by one of two methods.     1) A diode may be operated 

at a suitable current level so that it can drive a number of compensation 

circuits simultaneously.     This requires that,  as above,  the diode be located 

centrally so as to share the average thermal environment.     2) A temperature 

compensated zener diode and/or a resistive divider driven from a stable 

voltage can be connected to a voltage regulator circuit or a feedback 

operational amplifier,  to yield a very low impedance,  temperature-stable 
Vd(TQ) v

d(T0) 
voltage source.     With this arrangement,  the terms         and        of 

Vd(T^) Vd(Tu) 
the design equations are equal to unity.     The design equations will then 

contain only the thermistor resistances and the base currents at T , T   , T   . 
t      o  u 

D.    VOLTAGE FOLLOWER APPLICATION 

The voltage follower application has already been mentioned in 

Section IV-H-4.    It was shown that since the voltage on the base of the 

transistor varies directly with the signal voltage,  it is necessary to 

reference the compensation current to the signal.     This is done by "floating" 

the compensation circuit on the amplifier output voltage, which follows quite 

accurately the input signal; see Fig.   21. 

In addition,   the emitter current and hence the input base current will 

change as a result of the input signal unless there is a perfect constant 

current source in the emitter circuit.    Figure 37(a) shows an idealized 

circuit using a transistor with a beta of 200 and a collector current of 10 |jA. 

A large resistor,   returned to -15 volts provides the emitter current source. 

Assuming perfect compensation at zero signal-,  at an input signal level of 

+ 5 volts,  Fig.   37(b),   the emitter current increases to 10(19. 5/14. 5) =  13. 5 JIA. 

The base current now becomes 67. 5 nA,   only 50 nA of which,   is supplied by 

the compensation circuit.     The remaining amount of 17. 5 nA is an "error" 

current which must be supplied by the signal source. 

By returning the emitter resistor to a larger negative voltage,   say 

100 volts,   this emitter current change can be reduced; see Fig.   38.    For this 

case the emitter current with +5 V input becomes  10(104. 5/99. 5) = 10. 5 |±A. 
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This is now an increase of only 0. 5 pA.    Hence,   the resulting error current 

becomes only 500/200 = 2. 5 nA.    Such a solution to the problem is,  however, 

unattractive because of the large voltage required. 

Equivalent results may be obtained by using a grounded-base 

transistor as a current source.    See Fig.   39(a).     The output conductance, 

h      ,   of most silicon small-signal transistors is specified as  1 uv   max. 

However,   actual measurements indicate that a value of 0. 1 \LV is not an 

unreasonable value.    In such a case,  this value represents an output 

resistance of 10 megohms.    For a current of 10 uA,   this is equivalent to a 

source voltage of 100 volts.    Hence,   results identical to the former example 

will be obtained —namely,  an error current of 2. 5 nA.     The principal 

restriction is that the base voltage,   V,  of the current source transistor,  be 

at such a level, that with the most negative signal voltage,   the collector-base 

junction remains reverse biased by at least 2 volts. 

An even greater improvement may be obtained by common-mode 
12 negative feedback. With this arrangements whenever the signal conditions 

are such as to increase the net emitter current a common-mode signal is 

generated.    A negative dc signal derived from the common-mode signal is 

applied to the base of the current source transistor so as to decrease the 

emitter current.     The result of using this technique is to increase the 

equivalent resistance to as high as  100 to 1000 megohms.     This effectively 

eliminates the current source as a contributor to the input current change 

with signal level. 

The particular method of obtaining the common-mode signal depends 

on the circuit arrangement.     One method is  shown in Fig.   40.    A detailed 

discussion of this technique is given in Reference  12. 

There remains one final source of difficulty.    Figure 41 shows the 

circuit connection for the compensation circuit which has been previously 

discussed in detail.     Inasmuch as this circuit is referenced to the output 

signal of the amplifier,   the current through the diode will change with the 

signal level.     This changing current results in a change in the diode voltage 

and hence in a variational driving voltage for the rest of the network.     The 
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extent of this effect may be seen by considering a signal swing from +5 to 

-5 V.     This results in a diode current of 0. 67 mA and 1. 34 mA respectively, 

the zero signal case being approximately 1 mA.     The dynamic resistance of 

an average signal diode is about 50 ohms.     The change in diode voltage is 

thus about i  17 mV.    Since the nominal diode voltage at 1 mA is about 600 mV, 

the change in compensation current,  assuming as before a nominal value of 

50 nA,   will be: 

aI- wx50 = ±1-4nA- 
Using a common base connected transistor,   a relatively constant 

current can be supplied to the diode,   resulting in an improvement of about 

ten times.     The variational input current then becomes about 0. 15 nA. 

It should be pointed out that in the use of the voltage follower in a 

sample and hold application as described in II-B,   one normally requires the 

extremely low input current only at low signal levels.    As the signal 

increases,   a larger amount of input current may be tolerated,  because one 

is usually concerned with a percentage variation in the "held voltage".     In 

the integrator case (II-B),  however,  a very small current may be integrated 

over a long period of time to give a final large signal voltage.    In such a 

case,   it is necessary to examine the input current requirements more 

carefully. 

One specialized example will be given of a compensation circuit which 

has been used in the voltage follower application.    Figure 42 shows this 

circuit. 

This amplifier has the compensation circuit directly in its output. 

The principal disadvantage of this approach is that the voltage drop across 

the diode is now a function of the total output current of the amplifier.     This 

output current includes the current which goes through the 7. 5 K emitter 

resistor.    Since both of these currents are a function of the signal level, 

there would seem to be no particular advantage to this circuit.     It is given 

here simply to show a variation in circuit possibilities for voltage follower 

applications. 
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One final problem must be considered in the voltage follower 

application.    Since the compensating circuit is connected to the output of the 

amplifier,   the entire current flowing through the compensating circuit must 

be "absorbed" by the amplifier.    This requirement determines the minimum 

current rating for the amplifier —the proper current sense being noted.    It 

is important to keep this condition in mind when deciding on the impedance 

level of the circuit.    See VII Al.    In most designs,   the current through the 

diode represents nearly the entire current requirement.    It is necessary 

that the amplifier be capable of supplying this current under conditions of 

maximum signal in either sense.    Depending on whether a forward biased 

diode or a zener diode is used,   and on the impedance of the network,   the 

current requirements could range from 1 — 5 mA,    For most practical 

circuits a figure of 1 — 2 mA has proven to be quite  adequate. 

E. CONCLUSIONS 

In conclusion it can be said that practical input current compensation 

circuits can be designed to give a variety of results.     The resulting input 

current may range from  1% to 20% of the original input current,   depending on 

the degree of sophistication of the circuit employed.    Although the examples 

have been based on one kind of transistor,   the conclusions should also be 

valid for similar high quality transistors. 

ACKNOWLEDGEMENT 

The authors express appreciation to Arthur 
Olson and John Drobot who so patiently made the 
many careful measurements required in the course 
of this investigation. 

60 



APPENDIX I 

ti 

Mathatron (Model 513) Program for calculating    R,    and   R^   in a Resistor- 

Termistor Temperature Compensating Circuit. 

Parameters to be used 

u 

Lower temperature 

Middle temperature 

Upper temperature 

R„ 

R 
u 

Resistance of thermistor at   T ( 

Resistance of thermistor at   T 

Resistance of thermistor at   T 
u 

(high resistance) 

(medium resistance) 

(low resistance) 

VI 

Base current at T 

Base current at T 

Base current at T 
u 

u 

Diode voltage at T 

Diode voltage at T 

Diode voltage at   T 

u 

R0 Divider resistance 

R , Dynamic resistance of diode 
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APPENDIX I (CONTINUED) 

Clear all Registers 

Learn Mode: 

SI x S4 - S2 x S5(S6 - S3 x S4 x S5) f (SI x S5- S2 x S4 - S3 x S6) = 

Normal Mode: 

R    £  4   (Low resistance) 

R    f   5   (Medium resistance) 
o «J 

R    j   6   (High resistance) 

Compute: 

h    v 
4 = T-    —   f   7 

I      v     J 

°      e r M j  N means to store the number M 

IV in Register N 
u          °      £.    Q u =   —         *    8 

I       V       J o u 

S7 -S8 § 1 

S7 - 1)S8 § 2 

1 -S8)S7 § 3 

Press AUTO KEY,   Machine prints out R 

Rzf2 

S7 - 1)(S2 + S5)(S2 + S6) r (S2 +S6 -S2 xS7- S5 xS7) | 1 

SI = R   . 
P 

Compute (correction for divider resistance R   ) 

R! = W(R3-Rp> 
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APPENDIX I (CONTINUED) 

Compute    (correction for R_,) 

V = Ri - R
d 

To Check 

SIT (S2 + S5) + 1)(S2 + S6) v(Sl + S2 + S6) =  S7 = 

SI * (S2 + S5) +  1)(S2 + S4) -f (SI + S2 + S4) = S8 = 

These corresponding pairs of numbers should agree to within a few digits in 

the last place. 
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APPENDIX II 

IBM 7094 Program (Fortran)   for 

Computing the Values of R" and R_ 

The IBM 7094 program is arranged to carry out the identical computa- 

tional steps shown in the Mathatron program, Appendix I.     The data is read 

in on punched cards with the format shown below.     The   print out includes the 

input data and problem statement as well as the calculated resistance values. 

The notation used in this program corresponds to that used in the text 

as shown below. 

Text Program 

Ri 
R1PRM 

R2 
R2 

R3 
R3 

R 
P 

Rl 

Zd 
RD 

It 

Rl 
R12PRM 
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APPENDIX II (CONTINUED) 

Data Card,   72 Entries 

(1 Card Per Circuit) 

Punch 
Position No. 

1 "1 
2 > 
3 

4 > 

5 r 

6 > 

7 

8 

9 } 
10       J 
11    J 

12  ) 
13    ! 
14      J 

15      N 

16       1 
17       ( 

Problem Number,   3 digits 

Dynamic Resistance of diode,  R ,,  (Q),   3 digits 

Sign,  i,   of lower temperature 

Lower temperature (   C),   T\ ,   2 digits 

Middle temperature (   C),   T   ,   2 digits 
Assumed to be (+) 

Upper temperature (   C),   T   ,   3 digits 
Assumed to be (+) 

Base current,  I-,   in nA,   3 digits,  plus 2 decimals 

Decimal Place 

Base current,   I       in nA,   3 digits,   plus 2 decimals 
Decimal Place 
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APPENDIX II (CONTINUED) 

Punch 
Position No. 

39     ) 

Base current,  I      in nA,   3 digits,  plus 2 decimals 

Decimal Place 

Diode Voltage,   Vj ,   in mV,   4 digits,  plus  1 decimal 

Decimal Place 

Diode Voltage,  v   ,  in mV. ,   4 digits,   plus  1 decimal 

Decimal Place 

Diode Voltage,   V   ,   in mV. ,   4 digits,   plus  1 decimal 

Decimal Place 

lermistor Resistance,  R.   is Q,   6 digits,  plus  1 decimal 

Decimal Place 
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APPENDIX II (CONTINUED) 

Punch 
Position No. 

>     Thermistor Resistance,  R   ,  in Q ,   6 digits,   plus  1 decimal 

56 

57 
Decimal Place 

58 

59 

60 

61 

/     Thermistor Resistance,  R   ,   in fl ,   6 digits,   plus  1 decimal 

63 

64 
M—-.—  Decimal Place 

65      / 

Divider Resistance,  R^,  infl,   7 digits 
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-62-3050 * DATE 09/28/64 

* WHITENS. • HARRIS PROBLEM 

* XEQ 

* LIST8 

31 K-3 

WRITE OUTPUT TAPE 3#32 

32 FORMAT(lHl) 

10 READ INPUT TAPE 2»1.IRN.RDtTL.TOtTUtXIL.XIO.XIU.VL»VOtVUtRL.ROtRU» 

1R3 

1 FORMAT(I3.F3.0»I3tI2tI3»F5.2tF5.2tF5,2»F5a.F5.1tF5.1»F7.1tF7.1tF7 

l.ltF7.0) 

XL«(XIL/XIO)*<VO/VL) 

U«(XIU/XIO)*(VO/VU) 

XLU«XL*U 

ALPHA-XL*(1.-U) 

BETA«U*(XL-1. ) 

GAMMA-(XL-U) 

R2* < < RO#RU*ALPHA) + (RO*RL*BETA)-(RU*RL*GAMMA))/((RL*ALPHA) ♦ (RU*BE TA 

l)-(RO*GAMMA)) 

SIGMA«(R2+RO) 

TAU»(R2+RL) 

Rl-(CSIGMA*TAU)*(XL-1.))/(TAU-(XL*SIGMA)) 

R1PRM«(R3*R1)/<R3-R1) 

R12PRM ■ R1PRM-RD 

WRITE OUTPUT TAPE 3»20 

20 FORMAT(1H0) 

WRITE OUTPUT TAPE 3»21»IRN 

21 FORMAT(1H0.28H PROBLEM 13) 

WRITE OUTPUT TAPE 3t2 

2 FORMAT!1H0#51H    TL -        IL « VL - RL «) 

Appendix II        Listing of Fortran Program (IBM 7094) 
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WRITE OUTPUT TAPE 3»3.TL.XIL.VL»RL 1-62-3051 

3 FORMAT(1H+,9X14.9XF5.2 . UXF5. 1, 11XF6.0 > 

WRITE OUTPUT TAPE 3.4 

4 FORMAT(1H0.83H    TO »       10 - VO - RO - 

1           R3 ■            RO « ) 

WRITE OUTPUT TAPE 3.103.TOtXIO.VO.RO.R3.RO 

103 FORMATUH+.9XI4.9XF5.2.11XF5.1.11XF6.0. 6X.F8.0.11X.F3.0) 

WRITE OUTPUT TAPE 3.5 

5 FORMAT«1H0.51H    TU ■       IU - VU « RU ») 

WRITE OUTPUT TAPE 3.3.TU.XIU.VU.RU 

WRITE OUTPUT TAPE 3.8 

8 FORMAT(1H0.44H      L ■ U = LU -) 

WRITE OUTPUT TAPE 3.9.XL»U.XLU 

9 FORMATUH+.11XF10.7.7XF1Q.7.8XF10.7) 

WRITE OUTPUT TAPE 3.6 

6 FORMAT(1H0.122H    Rl « Rl/ « 

1                                          Rl// « 

2R2 -  ) 

WRITE OUTPUT TAPE 3.7.R1.R1PRM.R12PRM.R2 

7 FORMATUH+.6XF15.4.10XF15.4.45X.F15.4.10XF15.4) 

IC-K-1 

IF(K)30.31.30 

30 GO TO 10 

END 

DATA 

Appendix II Listing of Fortran Program (IBM 7094) Continued 
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1-62-3049 

NO. Rd    Ti  To   Tu l
X 

lo \ Vx V0 Vu       J^      J^       J^    J^ 

1 50+0025060 5656 4463 3340 6724 6224 5520 305700 102730 28250 107910 

2 50+0025060 6840 5499 4085 6702 6204 5507 308100 104720 29240 094505 

3 50+0025060 6212 4908 3592 6867 6372 5662 295000 099180 27340 095564 

4 50+0025060 6850 5274 3668 6642 6127 5417 283000 096280 26920 093242 

5 50+0025060 5221 4394 3437 6697 6184 5468 299700 102290 28750 097859 

6 50*0025060 5903 4797 3524 6695 6186 5480 293400 099920 28000 098559 

7 50+0025060 5587 4457 3322 6767 6254 5517 293000 099850 28010 103080 

8 50+0025060 5429 4416 3260 6727 6220 5502 284950 097150 27250 100610 

9 50+0025060 5889 4830 3665 6746 6241 5528 300000 102110 28600 097054 

10 50+0025060 5769 4639 3396 6668 6171 5488 298500 101100 28160 094882 

11 50+0025060 6450 5200 3887 6601 6089 5378 315200 104840 28450 092205 

12 50+0025060 6419 5037 3356 6833 6337 5630 288200 098330 27630 096559 

13 50+0025060 5151 4147 3132 6595 6084 5372 303300 100800 27360 091503 

14 50+0025060 6285 5051 3753 6793 6277 5533 292900 099430 27710 103750 

15 50+0025060 6410 5230 3986 6693 6184 5484 299900 102260 28730 098758 

16 50+0025060 5584 4559 3496 6643 6134 5428 306800 104680 29430 095396 

17 50+0025060 6345 5161 3760 6614 6100 5383 292200 099100 27600 095772 

18 50+0025060 6025 4839 3437 6640 6138 5451 303200 101900 28090 092953 

19 50+0025060 6445 5153 3834 6852 6357 5649 285200 095400 26110 096652 

20 50+0025060 6501 5044 3471 6854 6358 5653 286100 095960 26330 098928 

21 50+0025060 5184 4348 3424 6610 6104 5404 296200 100050 27760 098896 

22 50+0025060 7618 5914 4076 6851 6340 5608 292000 098860 27490 104360 

23 50+0025060 5433 4644 3606 6724 6204 5491 299500 102140 28680 097103 

24 50+0025060 5951 4730 3456 6615 6102 5414 309900 103790 28380 104940 

25 50+0025060 6062 5162 3997 6868 6334 5555 308100 104690 29240 096100 

26 50+0025060 6162 5364 3919 6724 6203 5497 284700 097370 27410 101900 

27 50+0025060 6112 5014 3796 6870 6357 5627 292900 100300 28270 099872 

28 50+0025060 6183 5006 3685 6577 6064 5370 286200 097950 27630 093564 

29 50+0025060 5930 4869 3526 6860 6334 5597 291300 098900 27630 107180 

30 50+0025060 5921 4825 3566 6827 6287 5523 286200 098290 27760 098284 

Appendix II Listing of Typical Data for 30 Transistors (SA2320) 
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PROBLEM I 

11 • •  11 •   56.56 VI « 672.« RL • 16578. 
TC ■ 25  10 •   «*.61 vo • 622.6 RO • 16271. R] ■1879H 
TL ■ (6  lu -   13.4» vu « 552.8 RL • 2825. 

I • i.iTj«m   u « 6.8«JR?B5  LU • 8.5658615 
Rl • 7543.16*5 

PROBLEM 

Rl/ • 8118.8782 

II • •  11 •   68.46 VL • 678.2 Rl « 16816. 
TC » 25  10 «   5*.99 VO • 628.* RO • 11*72. B 1 • 9*385 
ft « (8  IU •   *8.B5 VU • 558.7 RU • 292*. 

I • 1.151**58  U • 8.8368816  LU » 6.56361J7 
m » 51*2.*5R1 

PROBLEM 

«1/ • 

1 

5662.5685 

11 ■ ■  11 •   62.12 VI • 686.7 Rl ■ 25568. 
re « 25  10 •   *9.68 VO • 637.2 RO • 5916. »1 ■ 9556* 
Tl • (6  IU •   15.92 VU • 566.2 RU • 271*. 

i • 1.17**529  U • 8.8216*85  IU • 6.5673265 
m » 6188.B2R1 

PROBLEM 

Rl/ • 

* 
6525.9957 

ti • ■  IL •   68.58 VI • 66«. 2 RL ■ 26366. 
TC ■ 25  10 •   52.7* VO • 612.7 RO • «628. »1 • 932*2 
TI - 68  IU •   16.68 VU • 5*1.7 RU • 2692. 

i ■ 1.1981176  U • 8.7866**8  LU • 6.5«2«926 

m « 5986.7896 

PROBLEM 

Rt/ • 

5 

6397.5575 

n • •  IL •   52.21 VL . (69.7 Rl • 25976. 

M • 25  10 «   *1.4* VO • 618.* RO • 1(229. B 1 • 97R59. 

TL • 6t  IU •   1*.}7 VU • 5*6.6 RU • 2875. 
L • 1.8971925  U * B.BB*6275  LU ■ 6.57(66(( 

»1 ■ 1211.9579 

PROBLEM 

Rl/ ■ 

t 

3323.8975 

fl • 8  II -   59.81 VI • 669.5 Rl • 253*6. 
tl • 25  10 •   «7.97 VO • 618.6 RO • 5 992. » } • 96559 
TL • 68  IU ■   15.2* VU • 5*8.8 RU • 2686. 

1 • 1.1178858  U • 8.8292692  LU • ■.«•MM)] 
Rl • 1982.5883 

PROBLEM 

«1/ « 

7 

*663.*811 

Tl  • ■  IL •   55.87 VL • 676.7 Rl • 25386. 
TC - 25  10 •   **.5T VO » 625.* RO • 598*. M -163686. 
TL ■ 68  IU -   11.22 VU • 551.7 RU • 2881. 

I - 1.15858*5  U • 8.8**9128  LU • B.9T88393. 
«I ■ 6886.1161 

PROBIEM 

Rl/ • 

9 

6*66.88*2 

Tl « •  11 •   5*.29 VI ■ 672.7 Rl • 26*95. 
H ■ 25  10 •   **.16 VO ■ 622.» RO • 5713. R 3 •168616 
Tl • 68  IU •   12.68 VU ■ 558.2 RU • 2*23. 

I ■ 1.1167361  U • 8.81*5615  LU • 8.54667(3 

»1 • 1911.781* 

PROBIEM 

Rl/ • 

9 

«891.595* 

'I ■ 8  IL •   5B.89 VL • 67*.6 Rl • 16686. 
TC ■ 25  10 «   *8.18 VO ■ 62*.1 RO • 1(211. «» • 9785* 
TL « 68  IU *   16.65 VU • 552.8 RU • 2661. 

L • I.1279B22  U • S.85666B9  IU • 6.56(167! 
«1 - «338.693* 

PROBLEM 

Rl/ • 

18 

«511.1799 

Tl  - 8  11 •   57.69 VI • 666.6 RL • 25858. 
1«  ■ 25  10 •   *6.19 VO ■ 617.1 RO • Ulli. B | • 9*882 
TL ■ 68  IU •   11.96 VU • 5«8.6 RL • 2816. 

I ■ 1.1588961  U • 8.«211689  LU • 6.9*71727 
Rl • ♦577.1711 

PROBLEM 

Rl/ • 

11 

«689.1686 

Tl • 8  11 -   6*.58 VI • 668.1 Rl • 51526. 
TC • 25  10 •   52.88 VO • 688.9 RO • 16*8*. Rl • 92265 
TL • (6  IU •   38.87 VU • 517.8 RU • 26*5. 

I • 1.1**175*  U • 8.8*6121*  LU • I.St"*?' 
»1 • 5156.7**1 

PROBLEM 

Rl/ • 

12 

5«62.2182 

Tl • 8  11 •   6*.19 VI • 683.1 Rl • 26828. 
TC • 25  10 •   58.J7 n - 633.7 RO • 583?. M • 96559 
ft ■ (•  IU •   33.56 VU • 563.8 RU • 2763. 

I ■ 1.18186*5  U > 8.7*99179  LU ■ 6.6661251 
«I • *27B.*587 

PROBIEM 

Rl/ • 

11 

««68.856« 

Tl • 8  11 •   51.51 VL - 659.5 RL • 16136. 

TC • 25  10 ■   *l.*7 VO - 688.4 RO • 16666. «1 • 91561 
TL • 68  IU •   31.32 VU » 517.2 RU • 273«. 

L • 1.1*58689  U • 8.8551**2  LU • 6.96(16*? 
Rl > 55*7.6771 

PROBIEM 

Rl/ • 

1* 

5985.7119 

Tl • 1  11 •   62.85 VI • 679.1 Rl • 25296. 
TC • 25  10 •   58.51 VO « 627.7 RO • 59*;. «> •161758 
TL • 68  IU •   37.53 vu • 551.1 RU • 2771. 

L • 1.1*97897  U • 8.6*29122  LU - 8.56519*6 
Rl • 522*.3386 

PROBLEM 

Rl/ • 

11 

5561.1599 

Tl ■ 8  IL •   6*.18 VL - 669.1 Rl ■ 25996. 
TC • 25  10 •   52.38 VO - 618.« RO - 1(226. ■ 1 • 96756 
TL • 68  IU •   39.86 VU • 5«8.« RU « 2873. 

I • 1.132*13*  U • 8.859*2*3  LU • 6.57122K 
Rl • *6S*.5*2S Rl/ • 5658.21«! 

l-»-M«l 

Rl// •6666.6762 

Rl// «5412.3683 

Rl// «6*73.5957 

Rl// •63«7.«575 

Rl// •1273.8915 

Rl// •«613.6613 

Rl// *6«1(.((«2 

Rl// •«6«l.*5!« 

•1// •««(].1799 

Rl// •«739.1(88 

Rl// •5«ll.2?82 

Rl// •««!8.63<« 

Rl// -5855.7319 

Rl// ■5*51.1599 

Rl// -5(66.2!« I 

R2 • 66*5.86** 

R2 • 6392.*773 

R2 • 6*63.4968 

R2 • 4665.4763 

»1   ■ 6362.9396 

R2 • 4375.3671 

R2 • 7361.4764 

R2 • 4753.2652 

R2 • «27».9764 

R2 ■ 5633.5776 

R2 ■ (615.5646 

R2 • 2(43.6732 

R2 • 7624.3751 

R2 • 6566.6543 

R2 • 6932.6546 

Appendix II        Printout Solution for  the First 15 Problems 
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Fig. 1.      Inverting amplifier with input leakage current 
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Fig. 2.      Integrator with input leakage current 
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Fig. 4.      The Ebers-Moll large signal model 
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Fig. 5.      Base current for the 2N2920 transistors.     The average 
value for 20 samples is shown.    Note the increase in the influence 
of collector leakage current at low collector currents. 
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Fig. 6.      A detailed plot of the variation of base current with 
temperature at a collector current of 10 \xA.     The same 20 
samples of 2N2920 transistors have been used. 
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Fig. 7.      Resistive (constant-current) compensation 
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Fig. 10.    Power requirement for the TO-5 oven as the ambient 
temperature is varied from 0 to 75°C.    No insulation was used 
to reduce the heat loss. 
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Fig. 11.     Complementary compensation circuit 
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Fig. 12.    Error current for complementary compensation.     Curves 
for five different NPN transistors are shown.    Note that there is 
apparently no correlation between the shape of the curve and the 
beta of the transistor. 
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Fig. 14.     Diode forward voltage vs.   temperature for different 
forward current levels.    Note the increase in slope as the 
current becomes smaller.     (SG-22 diode) 

90 



2.6 

2.5 

>^ 
fc ?4 

f- 
z 
ÜJ 
o 
u. 
u 
UJ 2.3 
o 
o 

iij 
cr 
5 
H 
<l 

Q 2.2 
a 
2 
iij 
h 

UJ 
O 
< ? 1 h 
_i 
O 
> 

2.0 

19 

3-62-2997 

^\ 

1        1     1    1   1   1 1 1 1       1     1   1   1 1 1 1 l          I       l     l    l   l   l  l 
10 100 1000 

FORWARD   CURRENT   I    (yA) 

Fig. 15.     Voltage temperature coefficient vs.   forward current for 
an SG-22 diode.    Note the increase in TC with low currents.     This 
fact permits the diode to be used for a compensating circuit as 
explained in the Text, IV E. 
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Fig. 17.    Error current for diode compensation.     The results are 
shown for five different transistors,   all adjusted for zero error 
(or input) current at 40°C. 
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Fig. 18.    Compensation circuits using temperature sensitive 
resistors.     Both negative and positive TC elements are shown. 
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Fig. 20.     Cascade of temperature sensitive resistors which can be 
used to increase the effective temperature coefficient.     The values 
of R. ,  R? and R    must be suitably chosen so as to provide isolation 

between the TC elements.     The number of stages will determine the 
increase in TC which can be obtained. 
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COMPENSATION   CIRCUIT 

VOLTAGE 
REFERENCE 

CURRENT 
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 ► 

Fig. 21.     Compensation circuit used with a voltage follower 
connected amplifier.    For this application the input (and 
hence the output) terminal of the amplifier follows the signal. 
It is therefore necessary to reference the compensation to 
this signal at the output. 
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Fig. 23.     Typical resistance vs.   temperature curve for a lOKft 
(at 25°C) thermistor.     The constants of this thermistor are 
j3= 3495°K and a =-3. 97$/°C (at 25°C).    See Text7V B. 
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Fig. 24.    Analytical model for the resistor-thermistor 
compensation circuit. 
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Fig. 26.    Diode voltage measurement 
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Fig. 27. Thermistor resistance measurement. The high input 
impedance differential voltmeter permits a measurement of the 
voltage across the thermistor and hence the power dissipated in 
the thermistor. The value of this power determines the rise in 
thermistor temperature due to heating as explained in the Text, 
IV-H-1 and VII-A-2. 
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Fig. 28.     Transistor base current measurement using the null 
technique to obtain high accuracy. 
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Fig. 29.    Emitter current sources for the input stage.     The 
arrangement in (c) provides temperature compensation for the 
Vn„ voltage of the current source transistor,  thus stabilizing 

the total emitter current. 
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temperature crossover points for this circuit are 20 - 40 - 60°C. 
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INPUT 

Fig. 40.     Common-mode feedback Active Emitter Current Source. 
This circuit can give an order of magnitude improvement over the 
circuit in 39.     With this technique,   the variation of input current 
with signal level is virtually eliminated. 
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Fig. 42. Active Current Source for the diode in the compensation 
circuit. This technique reduces the error current to a negligible 
amount. 
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